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Sir: 



I submit this Declaration in support of the referenced patent application: 

1 . I am the named inventor in the referenced application. My curriculum vitae is 
attached hereto as Attachment A. 

2. I have read the Final Official Action of January 4, 2010, and the Advisory 
Action of May 11, 2010. 

3. Osteoclasts derive from precursor cells found in hematopoietic tissue. The 
transition between precursor to the mature state of such cells occurs through 
a process known in the art as "differentiation." In the case of the osteoclast, 
differentiation is effected under the action of two growth factors, i.e., M-CSF 
and RANK-L. It is characterized by a transition of a mononuclear cell to a 
functional osteoclast. The functional osteoclast is generally known in the art 
as a mature or differentiated osteoclast. It is multinuclear, and expresses a 
number of biochemical markers. It is well known in the art that only 
differentiated osteoclasts are able to resorb bone tissue. 
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4. Those principles, and art-accepted usage of that terminology is illustrated in 
the literature. For example, Teitelbaum et al., describe the development and 
differentiation of osteoclasts, and their role in bone resorption: 

Bone remodeling is a continuous process that is responsible for 
normal bone turnover. The process is initiated by the recruitment of 
HEMATOPOIETIC osteoclast precursor to bone, where they 
mature into resorptive POLYKARYONS. The differentiated 
osteoclasts generate a resorption lacunae ('pit') that is -50 um 
deep, then are replaced by osteoblasts that deposit new bone in 
the cavity. The boundaries of the resorption lacunae are 
permanently marked by a METCHROMATIC CEMENT LINE. 
When the skeleton is in balance, the amount of new bone 
deposited is equal to that previously resorbed. In states of net 
bone loss, such as osteoporosis, more bone is resorbed than is 
subsequently deposited. 

Teitelbaum, S.L., et al., Genetic Regulation of Osteoclast Development 
and Function, Nature Reviews/Genetics, 4, 638-649, at 640, Box 1 
(Aug. 2003). See also, GuezGuez, A, et al., 3BP2 Adapter Protein is 
required for RANKL-lnduced Osteoclast Differentiation of RAW264.7 
Cells, J. Biol. Chem., 

http://www.jbc.org/cgi/doi/10.1074/jbc.M109.091124 (May 3, 2010) 
("Osteoclasts are multinucleated bone-resorbing cells, differentiating 
from Cd11b+ hematopoietic cells of the monocyte/macrophage 
lineage."). 

5. The art generally, and particularly the foregoing references, 

demonstrate that the term "differentiated osteoclasts" is a common and 
accepted term within the art, and that one skilled in the art would 
readily understand its meaning. The referenced application, and the 
claims, use the term in a manner consistent with the usage in the art 
generally, and consistent with the usage of the foregoing references. 
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6. With regard to the cited prior art, the Van Blitterswijck reference is 
distinct from the claimed invention for a number of reasons. First, it 
describes the use of undifferentiated cells, and placing those cells on a 
matrix. It fails to disclose a co-culture of osteoblasts and osteoclasts; 
and it fails to disclose the use of osteoblasts at confluence on the 
support. One skilled in the art reading Van Blitterswijck would have 
understood that those cells are not differentiated to osteoblasts and 
osteoclasts, and thus are not the same cells. One skilled in the art 
would not find within the Van Blitterswijck reference any report of or 
recommendation to differentiate those cells into osteoblasts and/or 
osteoclasts, less so the combination as required by the claims, and still 
less at the claimed concentration. 

7. It is well known in the art that differentiation of precursor cells to 
osteoclasts requires the presence of RANK-L. The Van Blitterswijck 
reference does not reference or suggest the use of RANK-L. One 
skilled in the art would have reasonably concluded that the authors did 
not use RANK-L, and thus the skilled artisan would have concluded 
that the disclosed method could not have effected in vitro formation of 
osteoclasts. 

8. On information and belief, the claims are rejected in reliance on 
Shibutani et al., J. Biomed. Mater. Res., 50:153-159 (2000) in 
combination with Chambers et al., J. Cell. Sci., 76, 155-165 (1985). I 
am familiar with both the cited Shibutani and Chambers references. 
Among other things, the Chambers reference speculates that 
osteoblasts are able digest osteoid in vitro. Chambers acknowledges, 
however, that "there was no evidence that such cells were capable of 
resorption of bone mineral...." Chambers at p. 165. The art has 
demonstrated that such speculation is not merely unfounded, but 
incorrect. E.g., Teitelbaum, S.L., Osteoclasts: Culprits in Inflammatory 
Osteolysis, Arthritis Res. Ther., 8(1), 201 (2006), Epub 2005 Nov. 29, 
Abstract ("The osteoclast, which is a member of the 
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monocyte/macrophage family, is the exclusive bone resorptive cell, 
and its differentiation and activation are under the aegis of a variety of 
cytokines."); see also Karsenty, G., The Genetic Transformation of 
Bone Biology, Genes & Development, 13:3037-3051 , at 3037 (1999), 
Cold Spring Harbor Laboratory Press; and Komori, T., Regulation of 
Osteoblast Differentiation by Transcription Factors," J. Cell. Biochem., 
99:1233-1239 (2006). Those references are consistent in refuting the 
speculative statement of Chambers, and their findings are generally 
accepted in the art as scientifically valid. 

9. In view of Chamber's clearly unsupported speculation, and particularly 
in view of the subsequent refutation of that speculation, one skilled in 
the art would not have had a well reasoned basis for modifying the 
Shibutani model by adding osteoblasts; and less so for actually 
seeding osteoclasts on a layer of confluent osteoblasts and/or 
osteoblast nodules on a mineralized matrix. 

10. I am also familiar with Rovira et al., Biomaterials, 17, 1535-1540 
(1995). Rovira describes a biomaterial and asserts its utility as a 
substitute for bone tissue in orthopedic implants. Rovira addresses 
colonization of the material by osteoblasts. However, Rovira does not 
address the relationship of that material and osteoblasts with 
osteoclasts; nor does it address the functional relationship of 
osteoblasts and osteoclasts on such material; nor does it address 
whether osteoclasts, seeded on a confluent layer of osteoblasts, would 
be able to penetrate and make their way through that layer; nor does it 
address the suitability of the purportedly new biomaterial for use in an 
in vivo system for diagnosing or assaying therapies for bone-related 
diseases. 



Attorney Docket No. 0070663-000003 
Application No. 10/559,819 
Page 5 



11.1 declare that all statements made herein of my own knowledge are true; and that all 
statements made on information and belief I believe to be true. Further, I understand 
that any willful false statements and the like made herein are 
punishable by fine or imprisonment, or both (18 U.S.C. 1001), and that 
any such statements may jeopardize the validity of the application or 
any patent issuing thereon. 

Date: July 12, 2010 By: Pierre Jurdic 
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REVIEWS 



OSTEOCLASTOGENESIS 
The generation of osteoclasts 
from their monocytic 
precursors. 

POIARIZATION 

The capacity of the osteoclast 
to generate asymmetric protein 
distributions and shapes, which 
allow it to attach to and resorb 
bone. 

VACUOLAR PROTON PUMPS 
Ruffled-membrane-residing 
electrogenic H^ATPases that 
transport protons into the 
resorptive mlcroenvlronment 
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GENETIC REGULATION OF 
OSTEOCLAST DEVELOPMENT 
AND FUNCTION 



Steven L Teitelbaum and F. Patrick Ross 



Osteoclasts are the principal, if not exclusive, bone-resorbing cells, and their activity 
has a profound impact on skeletal health. So, disorders of skeletal insufficiency, such as 
osteoporosis, typically represent enhanced osteoclastic bone resorption relative to bone 
formation. Prevention of pathological bone loss therefore depends on an appreciation of 
the mechanisms by which osteoclasts differentiate from their precursors and degrade the 
skeleton. The past five years have witnessed important insights into osteoclast formation 
and function. Many of these discoveries have been made through genetic experiments that 
involved the rare hereditary disorder osteopetrosis. 



Despite the common misconception mat the skeleton is 
immutable, it is, in fact, an ever-changing organ in which 
mass and shape are dictated by the activities of osteoblasts 
(the cells that are responsible for bone formation) and 
osteoclasts (the cells that are responsible for bone resorp- 
tion) , So, any net loss of bone tissue reflects the extent to 
which osteoclastic bone resorption exceeds the bone- 
forming capacity of osteoblasts. 

To develop pharmaceutical agents that arrest the pro- 
gression of skeletal disorders such as osteoporosis, we 
need to know how osteoclasts are generated (OSteoclasto- 
genesis) and how they degrade bone. In the past five years, 
remarkable progress has been made in dissecting the 
molecular mechanisms of osteoclastogenesis and bone 
degradation, which largely reflects the results of genetic 
studies of experimental animals or patients with abnor- 
mal bone phenotypes. These genetic observations have 
led to the discovery of new therapeutic targets for the pre- 
vention and treatment of osteoporosis, which raises the 
real possibility of a cure for this disease. Here, we review 
the genetic regulation of the osteoclast — a cell that is 
central to the pathogenesis of osteoporosis. 

Given the crucial role of the study of abnormal bone 
phenotypes in the dissection of the genetic regulation of 
osteoclast development and function, we have orga- 
nized this review according to the different categories of 



phenotypes. We start by discussing osteoclasts and their 
relationship to bone diseases in general, before moving 
on to the specific classes of osteoclast-related disorders: 
arrest of osteoclastogenesis, arrest of osteoclast function 
and osteoclast gain of function. We then discuss the 
influence of the immune system on the osteoclast, 
before summarizing our present knowledge of the 
genetic control of the cell. 

Osteoclasts and bone disorders 

The osteoclast is a member of the monocyte/macrophage 
family, which is distinguished by its polarization (induced 
by contact with bone) and its expression of specific pro- 
teins such as cathepsin K (FIG. 1). The most notable feature 
of the polarized osteoclast is its ruffled membrane. This 
structure, which is the resorptive organelle of the cell, 
consists of a unique villous-like complex of the plasma 
membrane that is juxtaposed to bone and contains 
numerous spike-like' vacuolar proton pumps (H + ATPases) . 
Formation of the osteoclast ruffled membrane is depen- 
dent on contact with bone and is only apparent when the 
cell degrades the skeletal matrix 1 (BOX l; FIG. l). Too little 
osteoclast activity, which causes increased bone mass 
(osteopetrosis) , or too much osteoclast activity, which 
causes decreased bone mass (osteoporosis), both lead to 
bone disorders. 



"638 | AUGUST 2003 j VOLUME 4 



www.nature.com/revlews/genetks 



© 2003 Nature Publishing Group 



REVIEWS 




Figure 1 | Regulation of osteoclast formation and function. The osteoclast Is a member of the monocyte/macrophage 
family. Early nonspecific differentiation along the osteoclast pathway is dependent on PU.1 and the MITF family of 
transcription factors, as well as the macrophage proliferation and survival cytokine M-CSF, Activation of RANK by 
osteobiast-expressed RANK iigand (RANKL) commits the cell to the osteoclast fate, which is mediated by signalling 
molecules such as AP-1 transcription factors, tumour necrosis factor receptor associated factor 6 (TRAF6), nuclear factor kB 
(NFkB), c-Fos and Fra-1 . RANKL-stimutated osteoctastogenesis is inhibited by the RANKL decoy receptor osteoprotegerin 
(OPG). The initial event in development of the resorptive capacity of the mature osteoclast is its polarization, which requires 
c-Src and the avp3 integrin. Once polarized, the osteoclast mobilizes the mineralized component of bone. Bone mobilization 
is achieved through the acidifying molecules, carbonic anhydrase II (CAH), an eiectrogenic H + ATPase and a charge-coupled 
CI- channel {fig. 2). Cathepsin K mediates bone organic matrix degradation. M-CSF, macrophage colony stimulating factor; 
RANK, receptor activator of NFkB. 



BONE-MARROW SPACE 
The cavity within bone that 
contains the bone marrow. 

CORTEX 

The densest portion of bone, 
which comprises approximately 
80% of the skeletal mass and is 
an important structural 
component. 

OSTEOLYTIC 

The degradation of bone in 
pathological conditions. 



Osteopetrosis. The increase in bone mass in individu- 
als with osteopetrosis is accompanied by the loss of 
distinction between the bone-marrow space and the 
cortex. Among the most notable cases of human 
osteopetrosis that helped to determine osteoclast 
ontogeny was the first cure by bone-marrow trans- 
plantation, which involved a female recipient and 
male donor 2 . This transgender transplant allowed the 
donor cells to be tracked, which enabled the haemato- 
logical ontogeny of the osteoclast to be examined. 
Ultimately, the osteoclast has been found to be a mult- 
inucleated member of the monocyte/macrophage 
family 3 (FIG. 1). 

The 'malignant* form of osteopetrosis is inherited 
as an autosomal recessive trait, whereas the 'benign 
form is generally autosomal dominant and occasion- 
ally autosomal recessive 4 . The benign form is typified 
by the presence of dysfunctional osteoclasts. Similarly, 
the malignant phenotype can be caused not only by 
arrested osteoclast function, but also by failed osteo- 
clast recruitment. The subset of osteopetroses that is 
caused by arrested osteoclastogenesis can be further 
subdivided into osteoclast autonomous and 
non-autonomous forms. Osteoclast-autonomous 
forms are those in which the molecular defect is resi- 
dent in the osteoclast or its precursor. Osteoclast- 
non-autonomous forms represent those in which the 
molecular defect is present in cells that support osteo- 
clast precursor differentiation or function of the 
mature resorptive cell. 

Osteoporosis. Osteoporosis is a family of disorders in 
which systemic bone mass is sufficiently reduced to 
place the patient at risk of spontaneous fracture. 
Increased activity of individual osteoclasts or an 
increase in the overall number of osteoclasts can cause 
osteoporosis. Less commonly, abnormally high bone 
degradation that is caused by osteoclast gain of func- 
tion can be localized to osteolytic lesions such as those 



found in individuals with Paget disease of bone (PDB) 
or familial expansile osteolysis (FEO) (also known as 
hereditary expansile polyostotic osteolytic, dysplasia or 
HEPOD). Most forms of adult osteoporosis represent 
alterations in the equilibrium between osteoclast and 
osteoblast recruitment in the bone-remodelling 
process (BOXl). 

Arrest of osteoclastogenesis 

Failed osteoclast recruitment leads to osteopetrosis. 
So, it is through studies of this genetic disease, which 
is caused by the arrest of osteoclastogenesis, that we 
have gained much of our knowledge of the fate of the 
osteoclast and the genes that control it. Mutations in 
genes that encode proteins that are involved directly in 
early osteoclast precursor differentiation and commit- 
ment to the osteoclast fate have provided insights into 
os teoclastogenesis . 

Mutations that influence early osteoclastogenesis. The 
molecule that mediates the earliest established event in 
osteoclastogenesis is the ETS domain transcription fac- 
tor PU.1, which is encoded by the spleen focus forming 
virus (SFFV) proviral integration oncogene PU.1 
(SPI1) locus. PU. 7 _/_ mice have osteoclast-deficient 
osteopetrosis, which reflects a failure to generate bone- 
marrow macrophages 5 . However, PU,1~ ! ~ fetal liver cul- 
tures can generate cells that express early monocytic 
characteristics 6 (FIG. 1). So, although PU.1 is the earliest 
known molecule to affect osteoclastogenesis, earlier 
acting molecules might remain to be discovered. 

Much of the impact that PU.1 exerts on osteoclas- 
togenesis reflects its interplay with the microph- 
thalmia-associated transcription factor (MITF) family 
of proteins, which include TFE3, TFEB, TFEC and 
MITF 7 ' 8 , the last of which is encoded by the microph- 
thalmia {mi) locus in mice. The three known muta- 
tions in the MITF family that lead to the arrest of 
osteoclastogenesis all involve MITF. 
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Box 1 [ Bone remodelling 



Bone remodelling is a 
continuous process 
that is responsible for 
normal bone turnover. 
The process is initiated 
by the recruitment of 

HAEMATOPOIETIC osteoclast 

precursors to bone, 
where they mature into 
resorptive polykaryons. 
The differentiated 
osteoclasts generate a 
resorption lacunae ('pit') 
that is ~50um deep, then 
are replaced by 
osteoblasts that deposit 
new bone in the cavity. 
The boundaries of the 
resorption lacunae are 
permanently marked by a 

METACHROMATIC CEMENT 
LINE. 

When the skeleton is 
in balance, the amount 
of new bone deposited is 
equal to that previously 
resorbed. In states of 
net bone loss, such as 
osteoporosis, more 
bone is resorbed than is 
subsequently deposited. 



Blood vessel 


C3D 


r Mononuclear 
j osteoclast 
Cj|> Precursor CjcT) 




— ~— ^>V 

Marrow space ^ — -A 
_____ 








i— Osteoblast 

precursor . ^ss^^a 















- Committed 
osteoclast precursor 




HAEMATOPOIETIC 
Giving rise to the cellular 
elements of the blood, such as 
white blood cells, red blood celts 
and platelets. 

POLYKARYON 

A multinucleated cell. 

METACHROMATIC CEMENT LINE 
A histological marker that 
delineates the depth of a 
remodelling site. 



MlTF'^'is among the earliest recognized forms of 
murine osteopetrosis 9 ' 10 , mi/mi osteoclasts fail to multin- 
ucleate or form ruffled membranes 11 . Failure of mi/mi 
mice to generate mature osteoclasts is linked to the fact 
that MITF targets genes that are required for osteoclast 
differentiation, such as those that encode tartrate -resis- 
tant acid phosphatase (TRAP) and carbonic anhydrase II 
(REFS 7, i2). As mi/mi mice have abundant macro- 
phages 811 , MITF must affect the osteoclastogenic process 
later than PU.l (FIG. 1). A reasonable hypothesis holds 
that the paucity of multinucleated osteoclasts in mi/mi 
mice is caused by the accelerated death of these termi- 
nally differentiated cells. In fact, Bcl2 is also a MITF target 
gene, as mi/mi osteoclasts contain greatly diminished 
levels of the anti-apoptotic molecule 13 . Supporting the 
theory mat a significant component of the mi/mi skeletal 
phenotype reflects accelerated apoptosis, Bcl2 mice are 
also severely osteopetrotic 13 . 

The Mf* mutation, which is close to the mi mutation, 
lies in the exon that encodes the basic component of 
MITF 14 " 16 . Despite the proximity of Mi or and m/ muta- 
tions, die Mi 0 "/ Mi 0 " phenotype is substantially less severe 
than that of mi/mi 11 . However, both MITF" 1 ' and MITF 
Mi" Ml to bind the MITF E-box DNA recognition 
sequence 1 ' 5 . These mutant molecules therefore sequester 
other MITF family members that, independent of MITF, 
have the capacity to stimulate osteoclastogenesis and 
alleviate osteopetrosis. The relatively unaffected mib rat, 



which is completely devoid of MITF, continues to 
express non-sequestered TFE3, which itself has the 
capacity to transactivate osteoclastogenic genes 15,16 . So, in 
contrast to the pronounced osteopetrosis of the mi/mi 
mouse, mib/mib osteoclasts can resorb mineralized 
matrix 18 . 

Macrophage colony stimulating factor (M-CSF) is 
expressed by osteoblasts and their precursors as a solu- 
ble and membrane-bound protein. In combination 
with RANKL, both forms are sufficient to promote the 
osteoclast differentiation of isolated monocytic precur- 
sors 19 (FIG. 1). The pivotal role of M-CSF in osteoclasto- 
genesis was established by studies of the op/op mouse, 
which lacks functional M-CSF and so has osteoclast- 
deficient osteopetrosis 20 . Curiously, the skeletal lesion of 
the op/ op mouse spontaneously resolves with age. It is 
now apparent that this resolution reflects the progres- 
sive expression of compensatory cytokines, specifically 
GM-CSF 21 and VEGF 22 . 

M-CSF promotes proliferation and survival of osteo- 
clast precursors. The cytokine also stimulates activities of 
the mature resorptive cell such as spreading, motility and 
cytoskeletal organization 23 . These events involve the 
association of c-Src and phosphatidylinositol-3 kinase 
(PI-3K) with the M-CSF receptor c-Fms 23 - 24 . Because 
c-Fms is expressed on osteoclast precursors, deletion of 
its gene results in osteoclast-autonomous and osteoclast- 
deflcient osteopetrosis 25 . 
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Box 2 | Key elements of RANK signalling 



Binding of RANKL to 
RANK leads to 
receptor trimerization. 
This is followed by the 
recruitment of adaptor 
molecules, including 
TRAF6, which interact 
with c-Src to stimulate 
the PI-3K/A1U axis, 
which regulates both 
the osteoclast (OC) 
cy toskeleton and 
apoptosis. The detailed 
pathways that lead to 
activation of the three 
MAPKs and the 
various components of 
the NFkB complex are 
only partially defined. 
Important 

downstream regulators 
of osteoclast formation 
include c-Fos, Fra-1 
and nuclear factor 
activated T cells cl 
(NFATcl). ERKs, 
extracellular receptor 
kinases; JNKJun 
kinase; NFkB, nuclear 

factor kB; PI-3K, phosphatidylinositol 3 kinase; RANK, receptor activator of NFkB; 
RANKL, RANK ligand; TRAF6, tumour necrosis factor receptor associated factor 6. 




c-Fms is a receptor tyrosine kinase the autophospho- 
rylation of which recruits essential adaptor molecules 
such as c-Src. Using a chimaera consisting of the intracel- 
lular and transmembrane domains of c-Fms and the 
extracellular domain of the erythropoietin receptor, we 
established that two tyrosine residues in the c-Fms cyto- 
plasmic domain regulate osteoclast generation and/or 
function 26 . Tyr 807, the associated adaptor proteins of 
which are unknown, is essential for osteoclast differentia- 
tion but not function, whereas Tyr 559, which recognizes 
Src family members, is required for both phenomena. 

Commitment to the osteoclast fate. Osteoclast precur- 
sors are monocyte/macrophages, but what prompts 
these cells to commit to the osteoclast fate was until 
recently unknown. Progress was made when Suda and 
colleagues generated osteoclasts In vitro for the first 
time. They showed that the process required contact 
with osteoblasts or their precursor bone-marrow stro- 
mal cells 3 . However, the molecular mechanism under- 
lying this event remained unresolved until it was shown 
that RANKL (receptor activator of the NFkB ligand), 
which is encoded by Tnfsfl 7, impels macrophages 
along the osteoclastogenic pathway 27,28 . 

RANKL, a member of the tumour necrosis factor 
superfamily, is most abundantly expressed as a cell- 
surface protein by bone-marrow stromal cells. It 



interacts with its receptor RANK (which is encoded 
by Tnfrsfl la) on macrophages and mature osteoclasts 
(FIG. V, BOX 2). Both Tnfsfl 7-knockout mice and mice 
in which Tnfrsfl la has been deleted (RANK^) , fail to 
generate osteoclasts and are severely osteopetrotic 27 ' 29 
(see Note added in proof). However, Tnfrsfl 1a- 
knockout mice are rescued by RANK-expressing 
haematopoietic cells, which indicates that RANK is an 
osteoclast-autonomous protein 29 . 

The discovery that RANKL is pivotal to osteoclas- 
togenesis followed the finding of osteopetrosis in mice 
that overexpressed a molecule subsequently named 
osteoprotegerin (OPG) 30 . OPG, which is encoded by 
Tnfrsfl lb, is also expressed by osteoblasts and their 
precursors 31 . OPG is secreted and competes with 
RANK as a soluble 'decoy receptor' for RANKL 30 . 
Tnfrsf? 7b-knockout mice have profound osteoporosis 
that arises from increased osteoclast number and 
activity 32 . 

RANK engagement by RANKL activates all three 
MAPK pathways as well as PI-3K and the NFkB family of 
transcription factors 33 (BOX 2). RANK promotes signalling 
by recruiting adaptor molecules after ligand-induced 
trimerization. Among such adaptors are the six TNF 
receptor- associated factors (TRAFs). RANK binds 
TRAF1, 2, 3 and 5 at its carboxyl terminus and TRAF6 at 
a more membrane-proximal site 34 - 35 . Although TRAF6 is 
essential for the organization of the osteoclast cy toskele- 
ton 3G , its impact on osteoclastogenesis is controversial. 
Specifically, two laboratories independently generated 
Traf6-'~ mice with distinct phenotypes. In one case, the 
mutant mice have abundant, albeit dysfunctional, osteo- 
clasts that are abnormal in appearance and lack both 
attachment zones and ruffled membranes, and suffer 
from severe osteopetrosis 37 . The other Traf6~'~ strain is 
also osteopetrotic but is devoid of osteoclasts 38 . Although 
this problem has not yet been resolved, the fact that, based 
on the crystal structure of the RANK sequence recogniz- 
ing TRAF6, a cell-permeable peptide arrests osteoclasto- 
genesis in vitro 39 ', supports the idea that the adaptor 
molecule is essential for osteoclast differentiation. 

The realization that RANKL is the main osteoclasto- 
genic cytokine was one of the most compelling discover- 
ies in the exploration of osteoclast development. Among 
the most important consequences of this observation is 
the capacity to generate pure populations of osteoclasts 
and their committed precursors from isolated 
macrophages. The abundance of these homogeneous 
cells allows meaningful evaluation of their biology 
in vitro. Knowledge of the global effect of RANKL on 
osteoclast biology came with the appreciation that the 
molecule not only prompts differentiation of its precur- 
sors, but also stimulates resorptive activity and prolongs 
the lifespan of the mature polykaryon 40 . 

Transcriptional influences of RANKL The RANKL 
interaction with RANK leads to activation of many 
osteoclastogenic transcription factors, which include 
NFATcl. This is important because when NFATcl is 
expressed in precursor cells it prompts them to undergo 
osteoclastogenesis, even in the absence of RANKL 41,42 . 
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RANKL also influences another important path- 
way: that of nuclear factor kB (NFkB). Deletion of 
NFkB causes osteoclast-autonomous osteopetrosis, 
which is characterized by the absence of multinucle- 
ated bone-resorbing cells 43 . Macrophages are present 
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Figure 2 1 Regulation of the resorptive activity of osteoclasts, a | The osteoclast, when not 
attached to bone, contains many diffusely-distributed acidified vesicles that express an 
electrogenic H + ATPase. Similarly the ocvp3 integrin is expressed randomly on the plasma 
membrane, b | On attachment to bone, the integrin moves to the matrix-apposed membrane and 
transmits c-Src-dependent polarization signals, which then prompt the acidifying vesicles to 
associate with microtubules. The vesicles move along the microtubules and insert into the bone- 
apposed membrane in an exocytic fashion, to form the complex infoldings of the osteoclast 
resorptive organelle (the ruffled membrane). Insertion of the acidified vesicles into the ruffled 
membrane delivers the H'ATPase to the resorptive organelle, c | Bone degradation is initiated by 
formation of an actin-rich sealing zone that isolates the resorptive microenvironment from the 
general extracellular space. Protons that are generated under the influence of carbonic anhydrase II 
(CAM) are transported into the microenvironment through the ruffled-membrane-residing H+ATPase, 
bringing the ambient pH to -4.5, which mobilizes the mineral component of bone. Intracellular pH 
homeostasis is maintained by exchange of bicarbonate for chloride ions. The chbride ions entering 
the cell are secreted into the resorptive microenvironment through an anion channel, charge 
coupled to the H'ATPase. Cathepsin K residing in vesicles is secreted in an exocytic process into 
the resorptive space and degrades the organic matrix of bone. 



in abundance, which indicates that NFkB might func- 
tion later than PU.l in the osteoclastogenic scheme 
(FIG. 1). Although there is little question that NFkB is 
pivotal to osteoclastogenesis, its impact on mature 
osteoclasts is unresolved 44,45 . 

NFkB activity is regulated by the IkB family of 
inhibitors, which use ankyrin repeats to bind and retain 
NFkB dimers in the cytosol, NFkB -activating 
cytokines, such as RANKL, TNFa and IL- 1 , rapidly 
initiate the classical NFkB pathway through the degra- 
dation of IkBoc, which is the predominant IkB, so 
releasing active NFkB into the nucleus. As expected, 
the overexpression of IkBoc blocks this classical path- 
way and inhibits osteoclastogenesis' 16 . Also, recent stud- 
ies describe an alternative NFkB pathway that is active 
in osteoclast precursors, which depends on NFkB 
inducing kinase (NIK) (D. Novack eta/., unpublished 
observations) . 

RANKL also induces the expression of c-Fos, a 
member of the AP-1 family of transcription factors, 
which partners with c-Jun 47 to have an essential role in 
osteoclastogenesis, Fo$~ f ~ mice are severely osteopetrotic 
and lack osteoclasts 48 . Interestingly, the number of tissue 
macrophages is increased in these mutants. These 
results, coupled with data showing that overexpression 
of c-Fos in monocytic cells prevents their differentiation 
into dendritic cells 49 , indicate that c-Fos directs mono- 
cytic precursors along an osteoclastogenic pathway and 
away from macrophage development. 

Fral , a member of the Fos family of proteins, is itself 
induced by c-Fos 50 . Overexpression of Fosll, the gene that 
encodes Fral, completely rescues the Fos~^ osteopetrotic 
mouse 51 . Furthermore, insertion of Fosll into the Fos 
locus yields normal mice in a gene-dose-dependent fash- 
ion 51 . Because Fral lacks a transactivation domain it 
cannot bind DNA, and so its effect on osteoclastoge- 
nesis probably reflects its function as an accessory 
transcriptional molecule. 

Arrest of osteoclast function 

As well as providing insights into the molecules that reg- 
ulate osteoclast differentiation, studies of osteopetrosis 
have helped to clarify the mechanisms by which mature 
osteoclasts degrade bone (FIG. 2). In contrast to the 
osteoclast-deficient family, the osteopetroses that result 
from failed osteoclast function are characterized by the 
presence of osteoclasts, albeit dysfunctional, and all 
known examples of these mutants represent osteoclast- 
autonomous disorders. Importantly, all patients with 
osteopetrosis whose molecular defect has been defined 
have abnormalities of osteoclast function. 

Bone recognition and attachment. Bone degradation 
and terminal osteoclastogenesis require physical con- 
tact between the osteoclast and its precursor, respec- 
tively, and bone matrix. So, molecules by which the 
osteoclast recognizes and attaches to bone are essential 
for resorption. It is now clear that the integrin ocvp3 is 
central to osteoclast/bone recognition, because mice 
with the p3 gene knocked out have dysfunctional 
osteoclasts and become progressively osteopetrotic 52 . 
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Figure 3 j Mutations that lead to osteoclast gain of function. 

As the RANK/RANK ligand (RANKL) signalling pathway is central 
to osteoclast formation and function (BOX 2), genetic mutations 
that result in its augmentation will enhance bone resorption. 
Mutations in three different proteins are known to augment 
osteoclast function. First, deletion of, or mutations in, the gene 
that encodes osteoprotegerin (OPG), which is the decoy receptor 
for RANKL, will increase RANK signals without altering levels of 
RANKL. Second, several mutations in the ubiqultin binding 
domain of p62, which is an adaptor that stimulates activation of 
the nuclear factor xB (NFkB) pathway, also stimulate 
osteoclastogenesis without the need for increased extracellular 
RANKL. Third, tandem duplication in the first exon of the RANK 
gene (yellow rectangles), which results in the presence of a 
further five, six or nine amino acids in the signal peptide (red 
chevron), lead to the retention of the unprocessed receptor in the 
cell (red arrows), rather than its insertion in the plasma membrane 
(blue arrow). The internal receptor is auto-activated by undefined 
mechanisms, thereby producing signals that lead to the 
generation of greater numbers of more active osteoclasts. 
RANK, receptor activator of nuclear factor kB; TRAF6, tumour 
necrosis factor receptor associated factor 6. 



Interestingly, small molecule inhibitors of the ocvP3 inte- 
grin are promising anti-osteop orotic drugs 53 and such 
agents are in clinical dials. 

In the bone-adherent osteoclast, otv(33 associates 
with filamentous actin in a punctate complex that is 
known as the podosome, a structure akin to, but dis- 
tinct from, focal adhesions in other cells 54 (FIG. 2b). av(33 
recognizes proteins in the bone matrix that contain the 
Arg-Gly-Asp (RGD) amino-acid motif. Osteoclasts that 
lack avP3 still attach to bone but fail to organize their 
actin cytoskeleton into a sealing zone and have abnor- 
mal ruffled membranes 52 . So, the primary function of 
the integrin might actually be to transmit matrix- 
derived signals into the interior of the cell. This defect 
in cytoskeletal organization in avp3-deficient osteo- 
clasts reflects the failure to activate the small GTPases, 



Rho and Rac (see Note added in proof). The P3 integrin 
subunit is expressed in platelets as well as osteoclasts. 
Some /?3 mutations (such as that causing Glanzmann 
thrombasthenia), affect both platelet and osteoclast 
function, whereas others are platelet specific 55 . 

Paradoxically, although the number of mature 
osteoclasts that are derived from p3~^ macrophages is 
diminished in culture, P3~^ osteoclasts are increased 
in vivo 52 . High M-CSF levels in these mice induce 
c-Fos expression and rescue osteoclastogenesis 56 . 
Although M-CSF can substitute for avp3 in osteoclas- 
togenesis (FIG. i), the integrin is essential for osteoclast 
function (FIG. 2). 

c-Src and Pyk2 are also involved in the podosomal 
signalling complex 57,58 . Inhibition of Pyk2 decreases 
osteoclast formation and function in vitro 59 . Ligand- 
bound avP3 activates Pyk2, but p3-deieted 
macrophages can also activate Pyk2, which indicates 
that avP3 is not an absolute requirement for phos- 
phorylation (see Note added in proof). In any event, 
generation of the avp3 -associated signalling complex 
seems to be initiated by adhesion-dependent phos- 
phorylation of Pyk2, which leads to the activation of, 
and association with, c-Src 60 . 

Activated c-Src binds to and phosphorylates c-Cbl, 
which in turn inhibits c-Src kinase activity and matrix 
adhesion. c-Cbl, an E3 ubiquitin ligase that is also 
involved in osteoclast recruitment 6162 , polyubiquity- 
lates c-Src, which probably leads to degradation of the 
Pyk2/c-Src/c-Cbl complex in the froteasome 60 . So, gen- 
eration of this heterotrimer might regulate podoso- 
mal assembly and disassembly, which is essential for 
the cyclic events of osteoclast migration and bone 
resorption (BOX 1). Despite in vitro documentation of 
the importance of avP3, c-Src, Pyk2 and c-Cbl in 
osteoclast function, only mice that lack the integrin 56 
or c-Src 63 have been shown to have a substantial bone 
phenotype. Therefore, if Pyk2 and c-Cbl are impor- 
tant to the osteoclast in vivo, there are compensatory 
mechanisms that function in their absence. Studies in 
knockout mice confirm the importance of c-Src to 
osteoclast function 64,65 and its functional relationship 
With avP3 (REF. 66; FIG. 2b), 

Ion transport. Once it is attached to bone, the osteoclast 
acidifies the isolated microenvironment at the cell-bone 
interface. This event is central to bone degradation as it 
mobilizes minerals, thereby exposing the organic matrix. 
Proton generation is initiated by the activity of carbonic 
anhydrase II (CAII) , followed by polarized extracellular 
transport through an H + ATPase similar to that of the 
clathrin-coated vesicle 67 (FIG. 2c). The bicarbonate ions 
that are generated by CAII are exchanged for chloride at 
the anti-resorptive surface of the osteoclast, thereby nor- 
malizing the intracellular pH. Electroneutrality is main- 
tained, in turn, by aruffled-membrane-residing chloride 
channel (reviewed in REF. 68) . 

Families that fail to express CAII develop osteopet- 
rosis with a relatively benign phenotype, which is typi- 
cally accompanied by renaltubular acidosis and cerebral 
calcification 69 . Mutations of the osteoclast electrogenic 
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proton pump, particularly its a3 (116 kDa) transmem- 
brane subunit, account for most of the documented cases 
of human malignant osteopetr osis 70 " 72 . Furthermore, the 
osteopetrotic lesion of oc/oc mice is caused by mutations 
in tlie same subunit 73 . These mice, and those in which the 
a3 subunit gene Atp6i (Tcirgl) has been deleted 74 , have 
normal acid-transporting capacity in other cells, which 
might reflect redundant mechanisms or specific a3 expres- 
sion in the osteoclast. Because proton-pump-deficient 
osteopetrosis represents an osteoclast-autonomous 
defect, it is responsive to bone-marrow transplantation, 
and patients with this abnormality probably represent the 
bulk of those cured in this way. 

Once the osteoclast interacts with the bone surface, 
its H + ATPase is transported in c-Src-containing vesicles 
towards the matrix-apposed plasma membrane 
through a polarization signal that is probably mediated 
through the avp3 integrin 75 . The acidifying vesicles 
insert into the resorptive plasmalemma, mediated by 
small GTPases (N. Pavlos era/., unpublished observa- 
tions) . It is this insertion of proton-pump-containing 
vesicles that results in the expanded and complex 
structure of the ruffled membrane. Mutations of 
either c-Src 64 or the electrogenic proton pump 71 pre- 
vent ruffled-membrane formation, which indicates their 
essential role in its development. 

Because bone resorption involves massive extracellu- 
lar proton transport, parallel anion conductance is 
needed to maintain intra- osteoclastic electroneutrality. 
Mice and humans that lack the CIC-7 chloride channel, 
which is expressed abundantly in the ruffled mem- 
brane 76 , develop severe osteopetrosis 77 . These mice have 
many osteoclasts that cannot acidify the resorptive 
microenvironment and hence fail to resorb bone. 

Degradation of organic matrix. Acidification of the 
resorptive microenvironment mobilizes the mineral- 
ized component of bone, thereby exposing its organic 
phase. Given this highly acidic environment, the 
degradation of the exposed organic matrix requires a 
collagenoty tic enzyme with a low pH optimum, in this 
case, cathepsin K (FIG. 2c). Cathepsin K was identified as 
the osteoclast collagenoly tic enzyme when it was shown 
that mutations in this enzyme caused the sclerosing bone 
disorder pycno dysostosis 78 . Osteoclasts of pycnodysos- 
totic patients, as well as osteopetrotic Cfs/c-knockout 
mice, generate ruffled membranes and mobilize bone 
mineral, but fail to normally degrade the exposed colla- 
gen fibres that accumulate in the resorptive microenvi- 
ronment 79,80 . 

The Ctsk gene is transactivated by MITF and its 
dimerizing partner TFE3, So, the lysosomal protease is 
deficient in mi/mi osteoclasts 81 . Cathepsin K is generated 
as a zymogen, but activated in the osteoclast as it pro- 
gresses from the Golgi to the ruffled membrane for 
secretion. Such processing begins as the osteoclast 
approaches the bone surface. The bone- attached cell 
expresses only the mature form of the enzyme, which 
indicates that matrix-derived signals might induce 
intracellular cathepsin K maturation 82 . Uniquely among 
mammalian proteinases, cathepsin K targets various sites 



inside and outside the collagen helix 83 . Importantly, 
cathepsin K is a promising therapeutic target, as it has 
been shown that small-molecule inhibitors prevent 
experimental post-menopausal osteoporosis 84 * 85 . 

Osteoclast gain of function 

Loss- of-f unction mutations that cause osteopetrosis in 
both humans and mice provide insights into the mecha- 
nisms by which osteoclasts are recruited to and resorb 
bone. Also, the discovery of mutations in several pro- 
teins that modulate the RANKL signalling pathway has 
elucidated the pathogenetic mechanisms of several dis- 
eases that are characterized by enhanced osteoclast 
number and/or activity and low bone mass (FIG. 3). 

Mutations in RANK. The expansile osteolysis, FEO, is a 
disorder of rapid bone loss that is inherited as a highly 
penetrant autosomal-dominant trait. Early-linkage 
studies have mapped FEO to the region on chromo- 
some 18q21.2-21.3 that contains TNFRSF11A m . 
Subsequently, affected individuals in three FEO families 
were shown to have an identical 18-bp tandem duplica- 
tion in exon 1 of TNFRSF1 1A, which encodes the 
RANK signal peptide 87 . 

PDB is a common, often multifocal, skeletal disorder 
that also reflects enhanced osteoclast recruitment and 
function. Most PDB (-70%) occurs sporadically and is 
associated with viral infections, which has led to the 
hypothesis that such agents have a causative role. A 
small proportion of cases are attributable to mutations 
in TNFRSF1 1A, TNFRSF1 78 (the gene that encodes the 
decoy RANKL receptor OPG) and p62, which is an 
adaptor linked to RANK signalling (see below) . So, a 
significant number of further mutations that result in 
PDB remain to be discovered. As in FEO, a Japanese 
family with early-onset (familial) PDB has a tandem 27- 
bp duplication that encodes the same mutant RANK 
signal peptide that was reported in FEO, plus three extra 
amino acids 88 . Because this particular duplication was 
established in only one of the four PDB families studied, 
further mutations on chromosome 18, possibly in other 
TNFRSF1 1A exons, might exist. 

Expansile skeletal hyperphosphatasia (ESH) is a rare 
autosomal dominant disorder 89 in which RANK once 
again contains an elongated signal peptide. The 
expanded genomic sequence, also a tandem duplication 
in exon 1 of TNFRSF1 1A, but comprising 15 bp, lacks 
only the first three bases of the 18-bp FEO duplication 
and hence one amino acid. Although the clinical mani- 
festations of ESH are caused by accelerated bone 
remodelling, the absence of large osteolytic lesions in 
the major long bones indicates that the clinical pheno- 
type might differ from classical' FEO. 

Presence of the extra amino acids in FEO, as well as 
chromosome 18 mutations that lead to early-onset-PDB, 
arrest cleavage of the RANK signal peptide, which atten- 
uates plasma-membrane insertion of the receptor and 
sequesters it intxacellularly 87 . Because these TNFRSF11A 
mutations are associated with enhanced osteoclastogene- 
sis in FEO and early-onset PDB, it seems that RANK can 
signal before its cell-surface expression. Support for this 



644 [ AUGUST 2003 | VOLUME 4 



www.nature.com/revlews/genetics 



© 2003 Nature Publishing Group 



REVIEWS 




Osteoclast precursor Mature osteoclast 

Figure 4 | Role of T cells and IL-7 in oestrogen-mediated bone loss in vivo. A lack of 
oestrogen (E2) results in the release of interleukin 1 (IL-1) and tumour necrosis factor-a (TNFot) by 
circulating monocytes. These cytokines then target mesenchymal cells and stimulate them to 
release Interleukin 7 (IL-7), which, in turn, acts on both osteoblasts and T cells. Overall, IL-7 release 
from T cells as a consequence of gonadal failure leads to the loss of bone mass by two reciprocal 
pathways: the suppression of bone formation and the activation of bone resorption. The lymphokine 
both suppresses osteoblast function and stimulates production of the 
pro-osteoclastogenic cytokines macrophage colony stimulating factor (M-CSF) and receptor 
activator of nuclear factor k-B ligand (RANKL), while simultaneously decreasing expression of 
osteoprotegerin {OPG), which is the decoy receptor for RANKL. As a consequence of the latter 
changes, the net osteoclastic activity is increased. Also, monocyte-derived IL-1 and TNFa synergize 
with RANKL to further increase bone loss (not shown). Reproduced with permission from REF. 126. 



hypothesis is provided by the fact that NFkB activa- 
tion is enhanced in cells that are transfected with the 
RANK mutants that characterize FEO and early-onset 
PDB 87 . Increased NFkB activity, which presumably 
derives from heightened RANK-derived signalling, 
explains much of the stimulated osteoclastogenesis 
that causes these skeletal diseases. So, FEO, early-onset 
PDB and probably ESH, reflect auto-activated RANK, 
in which the signal peptide resists cleavage in the 
secretory pathway. What remains unclear is if such 
subtle changes in amino-acid sequence of the signal- 
peptide region of RANK cause distinct diseases of 
varying seventy. 

Mutations in osteoprotegerin. Although these findings 
represent one mechanism by which RANK signalling is 
augmented, others include events that are upstream and 
downstream of the receptor. For example, Navajo 
patients with autosomal recessive juvenile PDB have 
complete deletion of TNFRSF1 IB, which is located on 
chromosome 8q24,2 (REF. 90). As expected, serum levels of 
OPG are undetectable, whereas those of 'free* RANKL, 
which is presumably a biologically active molecule, are 
markedly increased 31 . So, OPG is central to normal bone 
remodelling in humans. The patients, from separate fam- 
ilies, share identical break points that involve chromo- 
some 8q24.2, which indicates familial PDB cases in the 
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Navajo population might have a common origin and 
could have become more frequent owing to a founder 
effect 91 . Furthermore, three siblings in an Iraqi family 
with familial PDB each have a homozygous 3 -bp in- 
frame deletion in exon 3 of TNFRSF11B, which leads to 
the loss of an aspartame (D 182) residue in OPG 92 . Unlike 
the Navajo patients, serum levels of OPG in these chil- 
dren are normal, but the protein lacking D 182 does not 
block bone resorption. OPG D182 is in a region that is 
probably crucial for correct folding, which indicates that 
the loss of function in the mutant protein arises from its 
inability to bind, and hence to inactivate, RANKL. 

Mutations in p62. Mutations in TNFRSF11A and 
TNFRSF1 IB, which are both involved in RANKL-RANK 
signalling, must represent only a small fraction of the 
individuals that suffer from familial or even sporadic 
PDB. In fact, other loci that are associated with typical 
PDB include 6p21.3 (PDB1), 18q23 (PDB2) , 5q35~qter 
(PDB3) and 5q31 (PDB4) 93 ' 94 . PDB3 localizes to a region 
on chromosome 5 that contains sequestosome 1 
(SQSTMf), which encodes p-62 (ref.93). SQSTMUn 
French-Canadian patients with PDB3 contains a C to T 
transversion mutation in exon 8 at position 1215, 
thereby replacing proline 392 with leucine. Only one 
severely affected individual is homozygous for the muta- 
tion. In fact, although the same SQSTM1 P392L muta- 
tion exists in as many as half of the patients with familial 
PDB, it is also relatively common in those with sporadic 
disease. Hie familial disorder might also be characterized 
by a premature stop codon at position 396 in SQSTM1 
or a single mutation at the splice donor site in intron 7. 
The latter mutation leads to a protein that is truncated 
at position 390 (REF. 94). Because all these SQSTM1 
modifications occur between amino acids 384 and 434, 
this locus represents a potential preferred site for genet- 
ically-transmitted mutations and a hot spot for sponta- 
neous mutations, Moreover, as all of the documented 
mutations fall within the ubiquitin recognition domain 
of p62 they might disrupt osteoclasts by a common 
mechanism 95 . 

p62 interacts with TRAF6 in the context of IL-1 
and nerve growth-factor signalling 95,96 . The fact that 
TRAF6 is an essential component of RANK-mediated 
osteoclastogenesis raises the possibility that p62 is also 
involved in the process. The TRAF6/p62 interaction is 
thought to lead to the activation of NFkB. Therefore, it 
would be predicted that the P382L mutation in p62 
should decrease osteoclast formation, which is depen- 
dent on the nuclear translocation of NFkB. In fact, the 
mutation leads to increased osteoclastogenesis as man- 
ifest by PDB. So, the role of p62 might differ in the 
context of RANK and the osteoclast. One possibility is 
that, when bound to the p62 ubiquitylation site, 
TRAF6 is degraded. Mutation of the site would again 
lead to enhanced signalling. 

Mutations in SHIP. A more speculative mutation that 
might contribute to the pathophysiology of familial 
PDB concerns SHIP {INPP5D) , a gene that encodes 
src homology (SH)-2 containing inositol-S'-phosphatase. 
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This enzyme removes 5' phosphate from phos- 
phatidylinositol 3,4,5-trisphosphate (PIP3), thereby 
producing functionally distinct phosphatidylinositol 
3,4-bisphosphate (PIP2) 97 . As SHIP acts as a negative 
regulator of intracellular signalling, SHIP deletion, 
which is a loss-of-function event, results in a gain of 
function for those pathways that the enzyme inhibits 98 . 
For example, absence of the protein, expression of 
which is restricted to haematopoietic cells, results in 
myeloid and lymphoid cells that show hypersensitivity 
to a range of cytokines 99 . 

Mice that lack SHIP have low bone mass owing to 
prolonged survival and greater bone-resorptive capacity 
of their osteoclasts, which are morphologically indistin- 
guishable from those of PDB 100 . Consistent with the 
inhibitory role of SHIP, osteoclast precursors that lack 
the enzyme are hypersensitive to M-CSF and RANKL. 
Furthermore, human SHIP maps to 18q23 (REF. 101), 
which is a documented locus for PDB, raising the possi- 
bility that mutations in SHIP, which undoubtedly 
increase bone resorption, might be the genetic defects in 
a subset of patients with PDB. 

Oestrogen and the osteoclast 

Post-menopausal osteoporosis results from alterations in 
cytokines, which, directly or indirectly, target osteoclasts 
and their precursors, thereby increasing the number and 
activity of bone-resorbing cells. What is the genetic evi- 
dence as to the identity of these cytokines, where are they 
produced and how does the post-menopausal decrease 
in oestrogen affect their expression? 

As reviewed in REF. 102, a combination of naturally 
occuring human mutations plus the availability of mice 
that lack the two oestrogen receptors ERa and ERp, has 
provided important insights into the role of oestrogen 
in bone metabolism. In summary, oestrogen is the sex 
steroid that is responsible for the regulation of human 
bone physiology in both males and females, with ERa 
being the dominant isoform that mediates the overall 
process. Also, studies of post-menopausal women 103,104 
and mice 105-1 07 have clearly shown that reduced levels of 
oestrogen lead to higher levels of IL-1 and TNFa pro- 
duced by monocytes, which indirectly promotes osteo- 
clast precursor proliferation and survival 108,109 (FIG. 4). 

However, as well as influencing osteociastogenesis 
through its effect on production of the inflammatory 
cytokines by monocytes, oestrogen also acts through the 
cells of the lymphoid lineage. These cells also produce 
IL-1, TNFa and other proteins that modulate the resorp- 
tive response. Nude mice that lack T cells do not lose 
bone or develop the osteoporosis that occurs in wild-type 
animals following oophorectomy 110 Also, knockout mice 
that lack the p55 TNFa receptor do not show T-cell 
induced osteoclast formation 1 10 which indicates that the 
interaction of TNFa with RANKL is crucial for osteocias- 
togenesis. Transplantation of bone marrow from wild- 
type mice into p55-TNFa-receptor -/- animals rescued 
these knockouts and so independently showed the crucial 
role of TNFa 111 . Finally, the adoptive transfer of wild-type 
T cells into nude mice, but not those lacking the Tnfgene, 
normalizes oophorectomy-induced bone loss 107 . 



Immune recognition has a central role in the patho- 
genesis of post-menopausal osteoporosis. Increased 
T-cell number results from both enhanced proliferation 
and decreased apoptosis, which are events that are driven 
by the IFN-y-stimulated expression of class II transacti- 
vator (CIITA) . CIITA decreases the apoptosis of acti- 
vated T cells through the modulation of FASL 112 . In 
summary, more TNFa-secreting T cells are produced 
and survive and the consequent higher levels of the 
inflammatory cytokine stimulate osteoclast formation, 
and hence, bone resorption. A recent seminal report 
shows that women who lack oestrogen have higher 
expression of the important osteoclastogenic molecule 
RANKL on both osteoblasts and lymphocytes 113 . This 
observation strongly supports earlier animal and in vitro 
human data that link the absence of sex steroid, RANKL 
and enhanced bone resorption. 

However, the influence of inflammatory cytokines on 
osteociastogenesis is not a simple one-way effect. IFNa 
also functions to negatively modulate RANK-mediated 
signalling. For example, LPS-induced osteociastogenesis 
and bone resorption are blunted in IFNa- receptor- 
deleted mice 114 . In vivo data indicate that IFNa might 
arrest RANKL-induced activation of NFkB and JNK. 
Determining how the pro- and anti-osteoclastogenic 
properties of IFNa manifest themselves physiologically 
and pathologically presents an important challenge. 

The IFNp signalling pathway also affects osteociasto- 
genesis 115 . For example, mice that lack Ifnarl, which is a 
component of the receptor transducing Ifno/0 signals, 
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Figure 5 1 RANK ligand might induce osteoblast and 
osteoclast differentiation. Osteoblast and osteoclast 
precursors express both receptor activator of nuclear factor kB 
{RANK) and RANK ligand (RANKL). RANKL, which resides in 
the plasma membrane of osteoblasts and their progenitors, 
binds to RANK on osteoclast precursors to promote osteoclast 
differentiation. The same ligand also activates RANK on 
osteoblast precursors, which prompts osteoblastogenesis. 
Although both RANK and RANKL are expressed by 
osteoclasts, the capacity of osteoclasts to directly promote 
osteoblastogenesis is not definitively established. 
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contain more osteoclasts than do their wild-type coun- 
terparts. Moreover, IFN(3 inhibits M-CSF and 
RANKL-induced osteoclastogenesis, and Ifnarl ^ 
mice lacking Ifnarl are osteoporotic. IL-6 might also 
participate in oestrogen-dependent bone loss. IL-6 
production is enhanced in cultures of osteoblasts 
from mice mat lack ovaries 116 and an anti-IL-6 antibody 
blocks oophorectomy-induced osteoclastogenesis 117 . On 
the basis of these observations, Yamaguchi and col- 
leagues generated mice lacking the protein gpl30, which 
is the common signalling transducer for members of the 
IL-6 cytokine subfamily, including IL-1 1, oncostatin M 
and leukaemia inhibitory factor, all of which might influ- 
ence osteoclast formation. Surprisingly, the numbers of 
osteoclasts are increased in these animals, but the 
osteoblasts are normal 118 . So, although members of the 
IL-6 family of cytokines might have a role in osteoporo- 
sis that arises from oestrogen deficiency, they are not 
important for bone formation. 

Finally, although other T cell and macrophage- 
derived cytokines, such as MIP-1, IL-10, GM-CSF, IL-4, 
IL-1 2 and IL-18, have also been reported to have a role in 
osteoclast formation and function 1191 23 , the genetic basis 
for these results and hence their in vivo relevance, is only 
partially delineated 120 - 123 . 

Conclusion 

Over the past five years, we have learned a great deal 
about the mechanisms by which the osteoclast is formed 
and resorbs bone. Most of this progress has come about 
as a result of rapid advances in cell and molecular biol- 
ogy, which owe much to the explosion of information 
from genetically-based studies. We now have a clear pic- 
ture as to the cytokines, enzymes and adhesion mole- 
cules, and the associated signal-transduction pathways, 
which are important for osteoclastogenesis and bone 
resorption. This level of understanding will result in the 
rational development of new drugs that can inhibit the 



generation and/or activity of this unique member of 
the monocyte/macrophage family. 

Despite these advances, several key questions 
remain unanswered, one of which relates to the detailed 
mechanism of osteoclast polarization — a process that 
is central to its function. More important, however, is 
the issue of how bone degradation and formation are 
coupled in the remodelling process. Although it has 
been appreciated for some time that the two cell types 
engage in cross-talk, it is only more recently that the 
molecular basis of this process has been elucidated, 
with the main molecule apparently being RANKL. So, 
the observation that basal osteoclast formation requires 
contact between myeloid precursors and stromal cells is 
explained by the fact, that in most circumstances, 
RANKL is largely membrane bound. A greater surprise, 
based on as yet unpublished data from our laboratory, 
is that the same cytokine, which is resident on 
osteoblasts and their precursors, might have an impor- 
tant role in the activation of osteoblasts. Although spec- 
ulative, it seems that at least one component of the 
long- elusive 'coupling factor might be RANKL, the role 
of which in skeletal biology seems to go beyond being 
the main osteoclastogenic cytokine (FIG. 5). The defini- 
tive test of this speculative hypothesis would be to gen- 
erate mice that lack RANK only in osteoblasts. These 
animals should have normal bone resorption, but 
decreased rates of bone formation. 

Notes added in proof 

A recent study by Faccio et at. 12 * confirms that av(33- 
deficient osteoclasts cannot properly organize their 
cytoskeleton because the small GTPases, Rho and Rac, 
are not activated. These cells, however, activate Pyk2. 
Also, Kong et a/. 125 showed that deletion of the Tnfsfl 1 
gene, which encodes murine RANKL, results in severe 
osteopetrosis; this finding is consistent with a role for 
the cytokine as the key osteoclast differentiation factor. 
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The adapter protein 3BP2 (also 
known as SH3BP2, Abl SH3-binding protein 
2) has been involved in leukocyte signaling 
and activation downstream 

Immunoreceptors. Genetic studies have 
further associated 3BP2 mutations to the 
human disease Cherubism, and inflammation 
and bone dysfunction in mouse. However, 
how wild-type 3BP2 functions in macrophage 
differentiation remains poorly understood. In 
this study, using siRNA-mediated silencing of 
3BP2 in the RAW264.7 monocytic cell line, we 
show that 3BP2 was required for RANKL- 
induced differentiation of RAW264.7 cells 
into multinucleated mature osteoclasts, but 
not for GM-CSF/IL4-induced differentiation 
into dendritic cells. 3BP2 silencing was 
associated with impaired activation of 
multiple signaling events downstream of 
RANK, including actin reorganization, Src, 
ERK and JNK phosphorylation, and up- 
regulation of osteoclastogenic factors. In 
addition, 3BP2-knockdown cells induced to 
osteoclast by RANKL displayed reduced 
increase of Src and NFATcl mRNA and 
protein expression. Importantly, 3BP2 
interacted with Src, Syk, Vav, and Cbl in 
monocytic cells and the introduction of 
constitutively active mutants of Src and 
NFATcl in 3BP2 deficient cells restored 
osteoclast differentiation. Finally, the 
expression of a 3BP2 cherubism mutant was 
found to promote increased Src activity and 
NFAT-dependent osteoclast formation. 
Together, this study demonstrates that wild 
type 3BP2 is a key regulator of RANK- 
mediated macrophage differentiation into 
osteoclast through Src and NFATcl 
activation. 



Osteoclasts are multinucleated bone- 
resorbing cells, differentiating from CDllb+ 
hematopoietic cells of the monocyte/macrophage 
lineage. The interaction between bone marrow 
stroma, osteoblasts, hematopoietic cells, and the 
immune system is determinant for bone 
homeostasis and osteoclastogenesis (1,2). 
Osteoclast differentiation is essentially triggered 
by two hematopoietic factors, the member of the 
TNF superfamily of cytokine receptor activator 
of NFkB (RANK) ligand (RANKL) and 
macrophage colony-stimulating factor (M-CSF) 
(1). In response to osteotropic factors, 
osteoblasts express RANKL, which binds 
RANK on osteoclast progenitors cell surface 
leading to osteoclast maturation. Consistently, 
mice lacking RANKL or RANK exhibit an 
osteopetrotic phenotype, associated with defects 
in bone resorption and a lack of osteoclasts (3). 
Stimulation of mononuclear osteoclast 
precursors by RANKL and M-CSF regulates 
growth, differentiation, fusion and survival, 
leading to functional multinucleated osteoclasts 
(1). Mature osteoclasts express typical markers 
including tartrate-resistant acidic phosphatase 
(TRAP) and calcitonin receptor, and adhere to 
the bone surface through a ring of polymerized 
actin, adhesion receptors (av(33) and 
cytoskeleton molecules, forming a sealed 
resorbing compartment, in which acidification 
and secretion of proteolytic enzymes allow the 
resorption of the bone matrix (1,4). 

Osteoclast stimulation by RANKL and M- 
CSF triggers the activation of intracellular 
events involving a large number of signaling 
molecules, including the adapters TRAF6 (5), 
Dap 12 and FcRy (6,7), the Rho GTPases 
activator Vav3 (8), phosphatidylinositol 3 -kinase 
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(PI3K) (9), and MAP kinases family members 
ERK, JNK, and p38. The Src (10), Syk (7,11) 
and Tec (12) protein tyrosine kinases (PTKs) 
families are other key molecules in 
osteoclastogenesis downstream RANK, ITAM- 
bearing molecules, integrins and c-fms, the M- 
CSF receptor (1,12,13). These signal 
transduction pathways ultimately converge to the 
activation of several transcription factors such as 
NFkB, c-fos, PU.l, and microphathalmia- 
associated transcription factor (MITF) (4). 
Another crucial transcriptional event during 
osteoclastogenesis is the up-regulation of 
NFATcl downstream RANK and intracellular 
calcium (Ca2+) signaling (14,15). NFATcl is a 
member of the NFAT family of transcription 
factors which transcriptional activities are 
regulated by the calcium (Ca2+)-dependent 
serine/threonine phosphatase calcineurin (16). 
Inhibiting calcineurin activity by cyclosporine A 
and FK506 suppressed osteoclast differentiation 
in vitro (17). Conversely, the expression of 
constitutively activated NFATcl promotes 
osteoclast differentiation in the absence of 
RANKL (14,18). Therefore, NFATcl appears to 
be necessary and sufficient for 
osteoclastogenesis. 

Adapter proteins are key components of 
leukocyte Immunoreceptor signal transduction 
pathways coupled to PTKs (19,20). Molecular 
scaffolds composed of adapter proteins and 
enzymes are assembled and activated at the 
plasma membrane by Src and/or Syk PTKs. 
These scaffolds transduce signals to the 
cytoplasm, cytoskeleton and nucleus to activate 
lipid and calcium signaling, gene expression and 
metabolic changes involved in leukocyte 
proliferation, differentiation and motility. Others 
and we have identified a regulatory role of 3BP2 
(or SH3BP2) in Immunoreceptor signaling, 
including T (21,22), B (23-26), NK (27), and 
mast (28) cells. Importantly, 3BP2 associates 
several signaling proteins such as Src/Syk 
kinases, Vav proteins, and PLCy, involved in 
NFAT activation (reviewed in (29,30)). 
Consistently, 3BP2 was found to positively 
regulate the activity of NFAT in T and B cells 
(21,23). In addition, studies in mouse deficient 
for 3BP2 expression have shown that 3BP2 
regulates B cell development and BCR-mediated 
B cell activation and calcium mobilization 
(24,25). Finally, genetic evidence linking 3BP2 
to the human genetic bone disease Cherubism 
(31,32) indicates that 3BP2 also plays a crucial 



role during inflammation and bone remodeling. 
Cherubism is an autosomal dominant disorder 
characterized by erosion of maxillar and 
mandibular bone with resultant dental and facial 
deformity due to excessive osteoclast activity 
and giant cell granuloma formation (33), The 
signaling alterations of a mutant form of 3BP2 
as observed in a mouse model of Cherubism 
include increased TNFa production by 
hyperactive macrophages, associated with 
systemic inflammation, aberrant osteoclast 
activities and osteoporosis (32). Interestingly, 
genetic inactivation of NFATcl in Cherubism 
mice prevented bone loss (34), suggesting that 
NFAT activation by 3BP2 is a critical step 
during osteoclastogenesis. However, how wild 
type 3BP2 exactly functions in RANK-mediated 
osteoclast differentiation has not yet been 
elucidated. 

In this study, we have investigated the role of 
3BP2 during osteoclast differentiation and 
RANK signaling. Using RNAi blocking 
experiments in the RAW264.7 

monocyte/macrophage cell line, we show that 
the absence of 3BP2 in pre-osteoclasts is 
associated with a severe reduction of osteoclast 
formation and increased expression of 
osteoclastogenic factors. The absence of 3BP2 
resulted in decreased RANK-mediated actin 
cytoskeleton remodeling, Src phosphorylation, 
and activation of multiple signaling pathways 
involved in RANK signaling, as well as a 
deregulated expression of NFATcl. 3BP2 
interacted with signaling proteins, including Src, 
Syk, Vavl and Cbl in resting cells and the 
introduction of constitutively active mutants of 
Src and NFATcl in 3BP2 deficient cells restored 
osteoclast differentiation. In addition, the 
expression of a 3BP2 cherubism mutant was 
found to promote increased Src activity and 
NFAT-dependent osteoclast formation. 
Together, this study demonstrates that wild type 
3BP2 is a key regulator of RANK-mediated 
osteoclastogenesis through Src and NFATcl 
activation. 

Experimental Procedures 

Cell line and culture- RAW264.7 cells were 
purchased from American Type Culture 
Collection (Manassas, VA). Cells were 
maintained at 37°C, 5% C02 in a-MEM 
(minimum Eagle's medium) (Lonza, 



Walkersville, MD) supplemented with 10% fetal 
bovine serum (Hyclone, USA), penicillin and 
streptomycin (Gibco BRL, UK). For stimulation, 
cells were deprived from serum for 12 hours in 
a-MEM, 5.10 6 cells/ml were then stimulated at 
37°C for the indicated time with or without the 
indicated cytokine. 

Reagents, Antibodies and Plasmids - All 
chemicals were from Sigma Aldrich (St Louis, 
MO), except the pharmacological inhibitors PP2 
and cyclosporine, which were from Merck 
(Darmstadt, Germany), Soluble RANKL was 
from R&D Systems (Minneapolis, MN), and M- 
CSF, GM-CSF, and IL-4 from ImmunoTools 
(Germany). Anti-3BP2 antibodies were 
described before (23). Antibodies against 
phosphorylated forms of Src, Syk, ERK1/2, p38, 
JNK, MEK1/2, Akt, IKKa/j3 9 total Src, total Akt, 
and HRP-conjugated secondary antibodies were 
purchased from Cell Signaling Technology 
(Beverly, MA). Antibodies against ERK2 and 
ONFATcl were from Santa Cruz Biotechnology 
(Santa Cruz, CA). Anti-V5 mAb was from 
Invitrogen (The Netherlands) and anti- 
hemagglutinin (HA) from Roche (Switzerland). 
The wild type and R415P 3BP2 cDNAs bearing 
a N-terminal V5 epitope tag (23) was cloned into 
the murine leukemia virus-based LZRS-IRES- 
GFP retroviral vector. The plasmids encoding 
the VIVIT peptide, Src Y527F, and 
constitutively active NFATcl (plasmids 11106, 
13660, 1 1 102, respectively) were from Addgene 
(Cambridge, MA). 

Generation of 3BP2-knockdown RAW264J cells 
- three short hairpins RNA (shRNA) expressing 
plasmids were generated using the Block-iT 
RNAi vector kit (Invitrogen). The 
complementary nucleotide sequences targeting 
position 381-401, 488-508 and 507-527 of 
mouse 3BP2 RNA were the following: 3BP2 
381 sense, 5' 

CACCGGAAATTGGCCACTTCCATGACG^ 
TC ATGGA AGTGGCCAATTTCCTTTT-3 ' ; 
3BP2 381 antisense, 5'- 

AAAAGGAAATTGGCCACTTCCATGA7TC 
GTCATGGAAGTGGACCATTTCC-3 » , 3BP2 
488 sense, 5'- 

CACCGCCTGTCTTCATATCCCATGGCG^4 
CCATGGGATATGAAGACAGGCTTTT-3 » ; 
3BP2 488 antisense 5'- 

AAAAGCCTGTCTTCATATCCCATGGrrCG 
CCATGGGATATGAAG ACAGGC-3 \ 



3BP2 507 sense, 5'- 

CACCGGACAATGAAGATTACGAACACGL4 
A TGTTCGTA ATCTTCATTGTCCTTTT-3 ' ; 
3BP2 507 antisense, 5'- AAAA 
GGACAATGAAGATTACGAACA TTCG 
TCTTCGT A ATCTTCATTGTCC-3 ' . Following 
annealing and ligation into pENTR/H 1/TO, the 
3BP2 shRNA vectors were transfected into 
RAW264.7 cells using lipofectamine 
(Invitrogen). As a control, RAW264.7 cells were 
transfected with the same amount of a LacZ 
shRNA construct. Stably transfected cells were 
selected using 100 ng/ml of zeocin (Invitrogen), 
and stable suppression of 3BP2 expression was 
evaluated by immunoblotting. 

In vitro differentiation of osteoclasts and 
dendritic cells - For osteoclastogenesis assays 
using the RAW264.7 cell line, cells were plated 
in a 12-well plate at a cell density of 10,000 
cells/well in the presence of 40 ng/ml RANKL, 
combined or not with 30 ng/ml M-CSF, and 
cultured for 4-5 days. Fresh culture medium 
containing RANKL was added on day 3. Cells 
were stained for TRAP activity with the 
leukocyte acid phosphatase kit (Sigma-Aldrich). 
Multinucleated TRAP-positive cells were 
counted and scored by microscopy. To 
determine complexity and size differences, OC 
were counted by number of nuclei and size. 
TRAP-positive cells with more than three nuclei 
and larger than lOOfim in diameter were counted 
as osteoclasts. 

For dendritic cell differentiation, RAW264.7 
cells were cultured with recombinant 
granulocyte-macrophage colony stimulating 
factor (GM-CSF, 100 ng/ml) and IL-4 (10 
ng/ml) for 6 days. For maturation of dendritic 
cells, lipopolysaccharide (LPS; 10 |xg/ml) was 
added for 2 additional days. After 8 days, cells 
were analyzed for their morphology under a 
Zeiss Axiovert 40C light microscope, or stained 
with FITC-, or phycoerythrin-conjugated 
antibodies reactive to CDllc, CD80 or CD86 
(all purchased form Becton-Dickinson), 
followed by flow cytometry analysis on a 
FACScan (Becton Dickinson). 

F-actin fluorescence staining of osteoclast - 
Cells were seeded onto sterile chamber slide and 
treated with RANKL (40 ng/ml) for the 
indicated times. After washing, cells were fixed 
with 3.7% formaldehyde in PBS, permeabilized 
with 0.2% Triton X-100 for 10 min, washed 
twice in PBS containing 1% BSA and incubated 



with 100 ng/ml of TexasRed phalloidin 
(Invitrogen) at 22°C in a humidified atmosphere 
for 30 min. After staining, cells were washed 
with PBS, rinsed with water and mounted with 
Fluoromount (Sigma- Aldrich). Polymerized 
actin was visualized using a Zeiss Axiovert 
200M fluorescence microscope (Zeiss Leica 
Microsystems, ON) equipped by a Hamamatsu 
ORCA-ER digital camera (Hamamatsu, Japan). 
Image analysis was performed with Volocity 
software (Impro vision Inc, Waltham, MA). 
Quantification of F-actin content in osteoclasts 
was performed by flow cytometry. Cells were 
scraped off culture dishes, fixed with 3.7% 
formaldehyde in PBS, and permeabilized with 
0.05% saponin in PBS, 1% BSA for 20 min at 
room temperature. Cells were washed and 
labeled with 100 ng/ml AlexaFluor 488- 
conjugated phalloidin (Invitrogen) for 30 min at 
22°C. Following three washes with cold PBS, 
1% BSA, polymerized actin was measured by 
flow cytometry. Data are expressed as mean 
channel fluorescence intensity for each sample. 

Immunoprecipitation and Immunoblotting — 
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Cells were lysed at 1x10 cells/ml in ice-cold 
lysis buffer (1% Triton in 150 mM NaCl, 50 mM 
Tris-HCl [pH 7.5], 0.1% SDS, 0.1% sodium 
deoxycholate, 10 ug/ml aprotinin, 10 jig/ml 
leupeptin, 1 mM PMSF) for 30 min on ice. 
Cleared ly sates were then incubated for 3 h at 
4°C with the indicated antibodies and 1 h with 
protein G-Sepharose beads (Sigma). Pellets were 
then washed three times with ice-cold lysis 
buffer and resuspended in SDS sample buffer. 
Eluted immunoprecipitates or whole cell lysates 
were separated by SDS-PAGE, and analyzed by 
immunoblotting as described before (23). 

Transfection, Luciferase Reporter, and 
Complementation assays - The reporter plasmid 
pTRAP-luc was a kind gift from H. Takayanagi 
(Tokyo Medical and Dental University, Japan) 
(14). The luciferase reporter constructs for 
NFAT and AP-1 activities, and the 3BP2 
expression constructs were described before 
(21,23). Transient transfections into RAW264.7 
cells were performed using the AMAXA 
nucleofection system (Lonza, Germany). Briefly, 
2.10 6 cells were washed and resuspended in 100 
|il of Buffer V, mixed with 5 jig of reporter 
plasmid along with the indicated expression 
plasmids and a Renilla luciferase plasmid 
(Promega), and electroporated using program D- 



032 on the AMAXA nucleofection device. 
Following incubation at 37°C for 16 hours, cells 
were stimulated or not with RANKL (40-100 
ng/ml) for 24-48h at 37°C. Dual luciferase 
reporter assays were performed as described 
(23). Normalized luciferase activities were 
determined in triplicate and expressed as fold 
increase relative to basal activities measured in 
control vector-transfected cells. 
For complementation assays, cells were 
transfected with mock retroviral expression 
vectors, constitutively active NFATcl expression 
vector, or a combination of the Src Y527F 
expression vector and EGFP expression vector, as 
described above. After 48 hours of transfection, 
the GFP-positive transfected cells were purified 
on a FACSAria cell sorter (Beckton-Dickinson) 
and subjected to in vitro differentiation assays and 
immunoblotting analysis. 

Real-time quantitative PCR - Total RNAs from 
RAW264.7 cells were reverse transcribed using 
the High Capacity cDNA Archive random 
priming Kit (Applied Biosystems). Real-time 
quantitative PCR (qRT-PCR) was performed 
using a 7900HT Sequence Detector System 
(Applied Biosystems) and the SYBR Green dye 
detection protocol as previously described (35). 
Relative expression level of target genes mRNA 
between control (X) and sample (Y) was 
calculated using the formula AC T Y - DC T X and 
expressed as fold over control (2AAC T ). 

Statistical Analysis - Data are expressed as the 
mean ± SD. The statistical significance of 
differences between the experimental groups was 
determined by an unpaired Student's t test. 
Effects with a p value less than 0.05 were 
considered statistically significant. 



RESULTS 

Suppression of osteoclast differentiation in 
3BP2-knockdown RAW264J cells. To examine 
the involvement of 3BP2 in the regulation of 
osteoclast differentiation, we generated stable 
and inducible 3BP2-knockdown cell models. 
Three short hairpin RNA (shRNA) expressing 
plasmids targeting three different sequences of 
3BP2 were generated and were stably 
transfected into the RAW264.7 cell line. As 
shown in Figure 1A and IB, two shRNA 
constructs designated as sh3BP2 (381) and 
sh3BP2 (507) completely suppressed the 



expression of 3BP2 and RANKL-induced 
formation of TRAP-positive multinucleated 
cells. In contrast, the shRNA expressing plasmid 
sh3BP2 (488), which had no effect on 3BP2 
expression as compared to the shLacZ control 
vector, did not interfere with RANKL-induced 
cell-cell fusion. Quantitative analysis showed 
that the lack of 3BP2 dramatically reduced the 
number of TRAP-positive multinuclear 
osteoclasts, and the number of nuclei per TRAP- 
positive cells, induced upon RANKL stimulation 
(Figure IB). We determined that neither 
spontaneous proliferation of sh3BP2 (381) cells 
was significantly modified compared to shLacZ 
cells (Supplementary Figure SI), nor RANK 
expression was different on both cell types (not 
shown). We also controlled that the combined 
stimulation of the sh3BP2 (381) RAW264.7 cell 
clone by RANKL in the presence of M-CSF had 
no effect on the impaired differentiation of 
3BP2-silenced cells (Supplementary Figure S2). 
To further document the role of 3BP2 in 
osteoclast differentiation, we selected the 
sh3BP2 (381) RAW264.7 cell clone (referred to 
as sh3BP2 cells for simplification) to examine 
the expression of osteoclastogenic factors using 
qRT-PCR analysis and luciferase reporter 
assays. First, RAW264.7 cells were transiently 
transfected with a TRAP promoter-luciferase 
plasmid and the luciferase activity was 
measured. As shown in Figure 1C, 3BP2- 
knockdown cells (sh3BP2) showed a marked 
reduction of both basal and RANKL-induced 
TRAP promoter activities as compared to 
control cells (shLacZ). Using qRT-PCR analysis, 
we next examined the expression of 
osteoclastogenic factors in control or 3BP2- 
knockdown cells treated with sRANKL for 
different time. We found that sRANKL-induced 
expression of TRAP, calcitonin receptor, and 
cathepsin K was severely impaired in 3BP2 
deficient cells (Figure ID). Thus, expression of 
3BP2 is required for RANKL-induced 
differentiation of RAW264.7 cell into 
multinucleated TRAP-positive osteoclasts. 

3BP2 is not required for dendritic cell 
differentiation. It is known that 
monocytes/macrophages exposed to GM- 
CSF/IL-4 can acquire DC phenotype and 
function (36). To examine whether 3BP2 is 
involved in DCs differentiation, sh3BP2 
RAW264.7 cells were cultured with GM-CSF 
and IL-4 for 6 days. Maturation of dendritic-like 
cells was further induced by treatment with LPS 



for 2 additional days. Cell differentiation was 
then analyzed by phase contrast microscopy and 
flow cytometry. After 6 days of treatment with 
GM-CSF/IL-4, a morphological transformation 
from macrophage-like into dendritic-like cells 
was observed for both control and 3BP2- 
knockdown cells, a process further increased 
following incubation with LPS for another 2 
days (Figure 2A). Dendritic morphology was 
characterized by an increase in cell size and 
multiple membrane protrusions. Dendritic-like 
phenotypic change in either control or 3BP2 
deficient cells was also evidenced by the 
increased membrane expression of typical 
dendritic cell markers such as CD 11c, CD 80 
(B7.1) and CD86 (B7.2) following GM-CSF/IL- 
4 + LPS treatment (Figure 2B). Finally, the lack 
of 3BP2 expression in RAW264.7 cells had no 
significant effects on the early biochemical 
events triggered by cell stimulation with GM- 
CSF/IL-4, including the activation of ERK, p38, 
Akt and IKKa/p phosphorylation (Figure 2C). 



3BP2 is required for organization of the 
osteoclast actin cytoskeleton. Actin cytoskeleton 
remodeling plays an essential role during 
osteoclast differentiation and function (1). To 
examine the implication of 3BP2 in the 
osteoclast actin reorganization, sh3BP2 
RAW264.7 cells and shLacZ control cells were 
cultured for 4 days with sRANKL and subjected 
to immunofluorescence analysis with fluorescent 
phalloidin to detect actin organization. After 2 
days of stimulation, control cells showed 
increased actin polymerization associated with 
cell spreading, whereas those lacking 3BP2 
exhibited altered F-actin content and spreading. 
The architectural abnormalities of 3BP2- 
knockdown osteoclasts were evident after 3 days 
of RANKL treatment. Whereas control cells 
showed well-formed actin rings and cell fusion 
at days 3 and 4, no expression of 3BP2 in 
osteoclasts led to a dramatic reduction of actin 
polymerization associated with cell-cell fusion 
(Figure 3A). By using flow cytometry, we 
quantified how 3BP2 interferes with actin 
polymerization in response to RANKL during 
osteoclast differentiation. Control cells showed a 
2 to 3 -fold increase in F-actin content after one 
day of RANKL stimulation and the total amount 
of polymerized actin remained stable during the 
next 3 days of treatment. In contrast, 3BP2- 
knockdown cells exhibited only a 2-fold increase 
in F-actin between day 1 and 2 of culture with 



RANKL, followed by a dramatic fall of actin 
polymerization associated with impaired cell- 
cell fusion (Figure 3B). Functional osteoclasts 
adhere to the bone surface through adhesion 
receptors, including av/33 integrin and CD44, 
connected to the actin cytoskeleton network. 
Lack or failure to up-regulate their expression 
during osteoclast maturation results in severe 
cytoskeletal defects and abnormal bone 
resorption (37,38). We therefore examined the 
integrity of integrin avjS3 and CD44 signaling 
pathways in the absence of 3BP2. As expected, 
control osteoclasts treated with RANKL for 2 to 
4 days strongly up-regulated the mRNAs 
encoding av and )33 integrin subunits, and 
CD44. In contrast, no significant increase of 
av/33 and CD44 expression was detected in 
3BP2-knockdown osteoclasts (Figure 3C). 
Consistently, RANKL-induced phosphorylation 
of FAK and ERM, two cytoplasmic regulators of 
the av/33 and CD44 signaling pathways, 
respectively, was severely altered in sh3BP2 
cells as compared to control cells (Figure 3D). 

3BP2 regulates multiple signaling pathways in 
response to RANKL. Binding of RANKL to its 
receptor RANK triggers the recruitment and 
activation of multiple signaling effectors, 
leading to transcriptional regulation of 
osteoclastogenic factors (1). We therefore 
examined RANKL-induced early signaling 
pathways in 3BP2-knockdown macrophages. As 
shown in Figure 4A, RANKL-stimulated 
phosphorylation of Src, Akt and MAPKs 
ERK1/2 and JNK were dramatically affected in 
the absence of 3BP2. In contrast, the 
phosphorylation of p38 was not modified. Upon 
RANKL stimulation, 3BP2-knockdown cells 
also displayed reduced phosphorylation of 
MEK1, an upstream activator of ERK1/2, and of 
IKKa/p, an upstream activator of the 
transcription factor NFkB. These early signaling 
pathways increase the activity of multiple 
transcription factors playing essential roles 
during osteoclastogenesis. We therefore 
examined whether 3BP2 expression can regulate 
the transcriptional activities of AP-1, NFkB and 
NFAT using a luciferase reporter assay in 
RAW264.7 cells. A marked reduction of basal 
and RANKL-induced AP-1 and NFAT activities 
was observed in 3BP2-knockdown cells as 
compared to control cells (Figure 4B). In 
addition, we found reduced levels of the mRNA 



encoding the transcription factors c-Fos and 
NFATcl, and the kinase Src (Figure 4C), 
whereas the expression of NFATc2 and 
NFATc3, two transcription factors related to 
NFATcl, was not significantly modified in the 
absence of 3BP2 (Figure 4C). In addition, the 
mRNA expression of PU.l, a transcription factor 
regulating osteoclastogenesis, was unaffected in 
the absence of 3BP2 (data not shown). 
Consistent with the impaired increase of mRNA 
expression, 3BP2-knockdown cells induced to 
osteoclast by RANKL for 2 to 4 days displayed 
no up-regulation of NFATcl and c-Src at protein 
levels, compared to control shLacZ cells (Figure 
4D). Thus, 3BP2 appears to regulate multiple 
signaling pathways downstream RANKL-RANK 
interaction, including the major osteoclastogenic 
factor NFATcl. 



Ectopic expression of active Src and NFAT 
proteins rescues osteoclast formation by 3BP2 
Iwockdown macrophages. Previous studies have 
implicated 3BP2 in NFAT activation in 
leukocytes, and shown its interaction with 
members of the Src family of PTKs (29,30). As 
shown in Figure 5A, 3BP2 co- 
immunoprecipitated with c-Src in resting 
monocytic cells. Consistent with other studies in 
lymphocytes (21,23), 3BP2 also interacted with 
Syk, Vavl, and Cbl in RAW264.7 cells. We next 
determined the contribution of Src and NFATcl 
to 3BP2-dependent osteoclast formation. To this 
end, we introduced in 3BP2-knockdown 
RAW264.7 cells either control retroviruses or 
constitutively active forms of c-Src (SrcY527F) 
(39) (Figure 5B) or NFATcl (caNFATcl) (40) 
(Figure 6A), and examined osteoclast formation. 
Expression of SrcY527F in RANKL-stimulated 
3BP2 knockdown macrophages partially 
restored cell-cell fusion and the formation of 
TRAP-positive multinucleated cells (Figure 5C). 
Osteoclast-like cell number (Figure 5D, left 
panel) and size (Figure 5D, right panel) were 
significantly increased in RANKL-stimulated 
sh3BP2 cells expressing SrcY527F, as compared 
to RANKL-stimulated sh3BP2 cells expressing a 
control construct. Importantly, as shown in 
Figure 5B, overexpression of active Src in 
control and 3BP2 knockdown cells induced the 
phosphorylation of Syk Tyr352 and ERK1/2, 
two events critically involved in several aspects 
of osteoclast formation and function (2). The 
constitutive phosphorylation of SrcY527F on 



Tyr416 was confirmed by imrminoblot analysis 
(Figure 5B). 

Next, we assessed the differentiation of cells 
expressing a retroviral construct encoding a HA- 
tagged constitutively active form of NFATcl. 
Expression of caNFATcl in 3BP2-knockdown 
cells was found to completely restore the 
formation of TRAP-positive, multinucleated 
cells in RANKL-treated cells (Figure 6B). In 
addition to morphology, the number (Figure 6C, 
left panel) and size (Figure 6C, right panel) of 
osteoclast-like cells formed by 3BP2- 
knockdown macrophages expressing caNFATcl 
reached levels comparable to control conditions. 
The expression of HA-tagged caNFATcl was 
confirmed by immunoblot analysis (Figure 6A). 
Together, these data suggest that 3BP2 acts 
upstream of Src and NFATcl in RANK-induced 
signaling pathways of osteoclast formation. 

Expression of 3BP2 cherubism mutant increases 
c-Src activation and osteoclast formation in 
RAW264.7 cells. Genetic studies have linked 
mutations of 3BP2 to the bone disease 
Cherubism in human and mice (31,32), and 
genetic studies have linked 3BP2 mutation to 
enhanced phosphorylation of Syk in myeloid 
cells (32). To assess whether 3BP2 cherubism 
mutant proteins also affect c-Src activity and 
osteoclast formation in our system, we used 
retroviral constructs encoding V5-tagged forms 
of wild-type 3BP2 and 3BP2 R415P cherubism 
mutant, which were expressed in RAW264.7 
cells through IRES-GFP bicistronic retroviral 
constructs (Figure 7 A). After 2 days, GFP+ cells 
were sorted by FACS and subjected to RANKL 
stimulation. As shown in Figure 7B, expression 
of the R415P cherubism mutant significantly 
increased the formation of TRAP+ 
multinucleated osteoclasts, compared to control 
and over expressed wild type 3BP2. Ectopic 
expression of 3BP2 R415P was also 
accompanied by a marked increase of Src 
phosphorylation on the activating site Tyr418 
(Figure 7C). Consistent with studies by 
Aliprantis et al. (34), we also show that the 
increased osteoclast formation induced by the 
3BP2 R415P mutant required NFAT activity as 
the observed effect was completely abrogated by 
the expression of the selective NFAT inhibitor 
VIVIT-GFP (41) (supplementary Figure S3), 
Together, these data indicate that 3BP2 mutant 
proteins promote increased Src activity and 
NFAT-dependent osteoclast formation in 
RAW264.7 cells. 



DISCUSSION 

Genetic evidence linking mutant 3BP2 
proteins to the bone disease cherubism 
(31,32,34) indicates that 3BP2 may play a 
crucial role during inflammation and bone 
remodeling. However, little is known about the 
molecular mechanisms by which wild-type 
endogenous 3BP2 regulates osteoclastogenesis. 
Using RNAi blocking experiments in the 
RAW264.7 monocyte/macrophage cell line, we 
show here that absence of 3BP2 in pre- 
osteoclasts dramatically impaired their ability to 
form TRAP+ multinucleated cells following 
RANKL stimulation. The defects in 
osteoclastogenesis observed in the absence of 
3BP2 resulted from a decreased RANK- 
mediated actin cytoskeleton remodeling and 
activation of multiple signaling pathways, 
including Src phosphorylation, and impaired 
NFATcl expression. Genetic complementation 
of 3BP2 deficient cells with constitutively active 
mutants of Src and NFATcl restored osteoclast 
differentiation. In addition, the expression of a 
3BP2 cherubism mutant was found to promote 
increased Src activity and NFAT-dependent 
osteoclast formation. Our study demonstrates 
that wild type 3BP2 is required for RANKL- 
induced osteoclastogenesis through its regulation 
of signaling pathways involving Src and 
NFATcl activation. 

In leukocytes, including T and B 
lymphocytes, NK and mast cells, 3BP2 interacts 
with intracellular proteins such as Src and Syk 
PTKs, Vav proteins, and PLOy, that have been 
involved in calcium signaling and NFAT 
activation downstream IT AM- containing 
Immunoreceptors and adaptors (29,30). Thus, 
our data indicate that osteoclasts constitute 
another type of leukocytes in which NFAT 
activation by wild type 3BP2 plays an important 
role. Consistent with overexpression 
experiments (42), and studies in mice genetically 
engineered to express a gain-of-function mutant 
of 3BP2 (34), our findings also support the 
importance of NFATcl in 3 BP2- dependent 
osteoclast signaling. Interestingly, the absence of 
3BP2 expression did not affect the acquisition by 
monocytic cells of a dendritic-like phenotype, as 
evidenced by the increased expression of 
dendritic cell markers such as CD 11c, CD80 and 
CD86, observed following stimulation of 3BP2 
deficient cells with GM-CSF and IL-4, or upon 



further maturation induced by LPS. Early 
signaling induced by the combination of GM- 
CSF and IL-4 was also not affected by 3BP2 
silencing in RAW264.7 cells. Since myeloid 
DCs can differentiate upon multiple cytokine 
signaling pathways (43), a role of 3BP2 in the 
generation of distinct subsets of DCs cannot be 
excluded. Recently, a gain-of-function mutant of 
3BP2 was involved in increased activity of 
inflammatory macrophages in a mouse model of 
Cherubism (34). Thus, it would be interesting to 
determine whether wild type 3BP2 also 
participates to the differentiation process of 
inflammatory DCs and/or macrophages. 
Nevertheless, our data directly implicates wild 
type 3BP2 in RANK signaling in the 
differentiation process of monocytic cells 
towards osteoclasts. Of note, we recently found 
that bone marrow macrophages from 3BP2 
deficient mice failed to differentiate into 
osteoclast following RANKL/M-CSF 
stimulation (Rottapel, R. and Deckert, M., 
unpublished observations). 

The process of osteoclast differentiation 
from monocytic precursors involves the 
activation downstream RANK of a large number 
of signaling molecules and transcription factors 
(4). It is well established that one crucial event 
during osteoclastogenesis is the up-regulation of 
NFATcl, a member of the NFAT family of 
transcription factors which transcriptional 
activities are regulated by the Ca2+-dependent 
phosphatase calcineurin (17). During the early 
phase of osteoclast precursors differentiation, the 
initial induction of NFATcl protein following 
RANK/RANKL interaction is mediated by a 
TRAF6-dependent pathway, and leads to the 
autoamplification of NFATcl, which then 
regulates the expression of osteoclastogenic 
genes involved in cell maturation and bone 
resorption (1,4,17). Differentiation experiments 
using the RAW264.7 monocyte/macrophage cell 
line show that absence of 3BP2 in pre- 
osteoclasts dramatically impaired early and late 
signaling events typically associated with 
RANKL stimulation, including actin 
cytoskeleton remodeling, activation of Src, 
ERK1/2, JNK, and Akt, and increased 
expression and activity of c-Fos and NFATcl. 
As a consequence, the expression of NFATcl 
target genes such as TRAP, calcitonin receptor, 
cathepsin K, and aV(33 integrin was severely 
reduced in the 3BP2-deficient cells following 
RANK engagement. Interestingly, the 
expression of the transcription factor PU.l (data 



not shown), and of NFATc2 and NFATc3, two 
other NFAT family members, was not 
significantly affected by silencing of 3BP2. This 
suggests that 3BP2 specifically couples RANK 
signaling to NFATcl activation, a notion also 
supported by the rescue experiments with active 
NFATcl in 3BP2 knockdown cells. Genetic 
studies by Aliprantis et al. have established that 
NFATcl is downstream of 3BP2 cherubism 
mutant proteins (34). Together with our 
observations, this suggests that wild type and 
mutant 3BP2 proteins function through 
overlapping signaling pathways. In 3BP2 
knockdown macrophages, RANKL stimulation 
failed to induce c-Fos mRNA expression and 
AP-1 activity, suggesting that 3BP2 participate 
to the initial TRAF6-dependent induction of 
NFATcl messenger expression, rather than to 
the NFATcl -dependent amplification of 
NFATcl induction. TRAF6 and Src physically 
interact during osteoclast activation (5), and Src 
phosphorylation was impaired downstream of 
RANK in the absence of 3BP2. Conversely, the 
expression of a gain-of-function "cherubism' 
mutant of 3BP2 (3BP2 R415P) in RAW264.7 
cells led to enhanced osteoclast formation and 
increased Src phosphorylation, underlining the 
importance of Src for 3BP2 signaling in 
osteoclasts. Importantly, we found that c-Src 
physically interacted with 3BP2 in monocytic 
cells. Therefore, it should be interesting to 
examine whether 3BP2 interacts with TRAF6, 
directly or indirectly through Src or additional 
proteins. 

Constitutively active Src only partially 
rescued the impaired osteoclast differentiation 
observed in 3BP2 knockdown cells. Although 
osteoclasts rescued by overexpression of active 
Src differentiated into large multinucleated cells 
expressing high levels of TRAP, their 
morphology and size suggested that they are not 
fully mature. Thus, another question is how does 
3BP2 couple RANK to the activation of 
NFATcl besides Src? Interestingly, various 
binding partners of 3BP2, identified in other 
leukocytes (29, 30), have been involved in bone 
development, including Abl (44), Src (10), PLCy 
(45), Cbl (46), and Vav3 (8). Moreover, the 
costimulatory signals provided by the ITAM- 
containing adaptor proteins DAP 12 and FcRy 
have been shown to play critical roles during 
osteoclast differentiation through Syk (6,7). 
Osteoclasts from DAP 12 x FcRy-null mice 
exhibit defective NFATcl expression as a 
consequence of impaired PLOy-dependent 
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calcium signaling (6). Of note, B cells from 
3BP2-/- mice show impaired PLOy 
phosphorylation, calcium mobilization and 
NFAT activation (24). Our observations that in 
myeloid cells 3BP2 forms a signaling complex 
with c-Src, Syk, Vav and Cbl provide a 
mechanistic explanation on how 3BP2 might 
participate to RANK-mediated osteoclast 
formation. Also, overexpression of active Src in 
control and 3BP2 knockdown cells induced the 
phosphorylation of Syk and ERK1/2, two events 
critically involved in several aspects of 
osteoclast function (2). Thus, by regulating Src 
activity, 3BP2 might impact on other osteoclast 
signaling pathways. Interestingly, Src-induced 
phosphorylation of Cbl downstream av(33 
integrin promotes the recruitment and activation 
of PI3K in a signaling complex composed of 
Pyk2-Src-Cbl essential for osteoclast bone- 
resorbing activity (51). The interaction of 3BP2 
with Cbl in RAW264.7 cells therefore suggests 
that phosphorylation of Cbl by c-Src represent 
another possible event of 3BP2 signaling in 
osteoclast, Src-/- mice are osteopetrotic because 
of defective formation of ruffled borders and 
subsequent bone resorption, but not because of 
impaired osteoclast differentiation (47), 
suggesting the existence of compensatory 
mechanisms by other Src family members in 
mice. Whereas a negative regulatory function of 
Lyn in osteoclastogenesis was reported (48), the 
expression of Fyn, another Src family member, 
increased during osteoclast differentiation (12). 
Our observations that 3BP2 is a partner and 
substrate of Fyn (21,23) therefore suggest that 
Fyn may participate to 3BP2 signaling in 
osteoclast apart Src. 

In the absence of 3BP2, osteoclast 
precursors failed to reorganize their actin 
cy to skeleton, a process that has been found 
actively regulated by Src and Syk kinases, as 



well as Rho GTPases and GEFs proteins, such as 
Vav family members (1,8,49). The observed 
interactions of 3BP2 with Src, Syk and Vav in 
myeloid cells again provide some mechanistic 
insights on how 3BP2 might participate to 
cytoskeleton reorganization in forming 
osteoclasts. In genetically engineered mice, a 
gain-of-function mutant of 3BP2 promoted 
increased phosphorylation of Syk (32). 
Interestingly, we observed that a 3BP2 
cherubism mutant expressed in macrophages 
strongly increased Src phosphorylation, 
compared to wild type 3BP2. It is therefore 
likely that 3BP2 regulates the localization and/or 
the activity of some of these proteins through its 
different protein binding domains. Further 
experiments using co-cultured primary bone 
marrow macrophages and osteoblasts, which 
bring adhesion receptor ligands, should clarify 
the mechanism by which endogenous 3BP2 o 
regulates osteoclast actin cytoskeleton | 
remodeling. Interestingly, Src and Syk kinases g 
signaling pathways are involved downstream g. 
multiple receptors necessary to osteoclast 3* 
differentiation, ruffled borders formation and ^ 
bone resorption, including RANK, costimulatory | 
Immunoreceptors coupled to IT AM- containing g 1 
adapter proteins DAP12/FcRv, av(33 integrin, g 
and c-fms (1 1,13,50). Thus, 3BP2 may integrate 5* 
osteoclastogenic signals through its interactions | 
with Src, Syk, Vav and Cbl proteins. £ 
In conclusion, our study provides = 
evidence that wild type 3BP2 is a crucial § 
regulator of RANK-mediated macrophage £ 
differentiation into osteoclast. Further studies g 
aimed at elucidating the molecular mechanisms o 
by which wild type and pathological 3BP2 
proteins regulate leukocyte activation and 
differentiation should help a better 
understanding of inflammatory and bone 
diseases. 
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KTOTIRK LEGENDS 

Fig. 1. Expression of 3BP2 is required for RANKL-stimulated osteoclast formation in 
RAW264.7 ceils. (A) Generation of stable 3BP2 knockdown in RAW264.7 cells. Three short hairpin 
RNA (shRNA) expressing plasmids targeting position 381-401 (381), 488-508 (488) and 507-527 
(507) of mouse 3BP2 RNA, and a control LacZ shRNA construct were stably transfected into 
RAW264.7 cells. After selection, stable suppression of 3BP2 expression was evaluated by 
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immunoblotting using antibodies against 3BP2 and ERK2 as loading control. (B) 3BP2 knockdown 
cells (sh3BP2 (381), (488) and (507), and shLacZ control cells were cultured for 4 days with sRANKL 
(40 ng/ml), and stained for TRAP activity. Morphology (top panels) and multinucleated TRAP- 
positive cells (bottom panels) were assessed and scored by microscopy. To determine complexity and 
size difference, TRAP+ multinucleated cell number and nuclei per osteoclast were counted. Data are 
expressed as the mean ± SD of 3 equivalent wells and are representative of 3 independent experiments. 
** p < 0.01 versus shLacZ; *** p < 0.001 versus shLacZ. Scale bars = 50 uM. (C) shLacZ and 
sh3BP2 (381) cells were transfected with a TRAP luciferase reporter construct. 8 hours after 
transfection, cells were stimulated or not with RANKL (40 ng/ml). Normalized luciferase activity was 
determined 24 hours after stimulation and expressed as the fold increase relative to basal activities 
measured in control vector-transfected cells. Results are the mean ± SD of triplicate determinations. 
***p< 0.001 versus shLacZ. (D) shLacZ and sh3BP2 cells were stimulated or not with RANKL (40 
ng/ml) for the indicated times. The expression of TRAP, calcitonin receptor and cathepsin K mRNA 
was determined by real-time quantitative PCR. Data are expressed as the mean ± S.D of triplicate 
determinations and are representative of three independent experiments. 

Fig. 2. Effects of 3BP2 suppression on differentiation of RAW264.7 cells into dendritic cells. (A) 

shLacZ and sh3BP2 cells were cultured with GM-CSF (100 ng/ml) and IL-4 (10 ng/ml) for 6 days and 
then activated for 2 additional days with LPS (10 ng/ml). Dendritic-like cell morphology was 
examined by light microscopy. A representative field of each culture condition is shown. Scale bars = 
50 uM. (B) Cells were cultured as described above and stained with FITC-, or phycoerythrin- 
conjugated antibodies against CD 11c, CD80 or CD86, followed by flow cytometry analysis. Dotted 
line histograms represent cells stained with isotype-matched control antibodies. The data shown are 
representative of three independent experiments. (C) Cell lines were cultured in the absence of serum 
for 12 hours before stimulation with GM-CSF (100 ng/ml) and IL-4 (10 ng/ml) for 0, 15, 30 and 60 
minutes. Cell lysates were subjected to immunoblot analysis with antibodies against phospho-p38, - 
IKKa/p, -AKT, and - ERK1/2. The same membrane was stripped and reprobed with anti-ERK2. 



Fig. 3. Effects of 3BP2 suppression on RANKL-induced organization of the osteoclast actin 
cytoskeleton. (A) shLacZ and sh3BP2 cells were seeded onto sterile chamber slide treated with 
sRANKL (40 ng/ml) for the indicated times. After washing, cells were fixed, permeabilized and 
incubated with 100 ng/ml of TexasRed phalloidin for 30 min. Polymerized actin was visualized using 
fluorescence microscope. The data shown are representative of three independent experiments. Scale 
bars = 50 uM. (B) Cells were treated with sRANKL (40 ng/ml) for the indicated times. Following cell 
fixation and labeling with AlexaFluor 488-conjugated phalloidin (100 ng/ml), actin polymerization 
was quantified by flow cytometry. Data are expressed as mean channel fluorescence intensity for each 
sample. Results represent the mean ± SD of three independent determinations. (C) shLacZ and 
sh3BP2 cells were stimulated or not with RANKL (40 ng/ml) for the indicated times. The expression 
of integrin ctv and j33 subunits, and CD44 mRNA was determined by real-time quantitative PCR. Data 
are expressed as the mean ± S.D of triplicate determinations and are representative of three 
independent experiments. (D) Cells were cultured without serum for 12 hours before stimulation with 
sRANKL (100 ng/ml) for 0, 10, and 60 minutes. Cell lysates were subjected to immunoblot analysis 
with antibodies against phospho-ERM, and phospho-FAK. The same membrane was stripped and 
reprobed with anti-ERK2. 

Fig. 4. 3BP2 knockdown affects multiple signaling pathways in response to RANKL. (A) shLacZ 
and sh3BP2 cells were cultured in the absence of serum for 12 hours before stimulation with sRANKL 
(100 ng/ml) for 0, 10, and 60 minutes. Cell lysates were separated by SDS-PAGE and transferred to 
nitrocellulose membrane that were subjected to immunoblot analysis with antibodies against phospho- 
Src, -ERK1/2, -JNK, -p38, -AKT, -TKKa/p, and -MEK1/2. After stripping, the membrane was 
reprobed with anti-3BP2, Src, AKT, MEK2 and ERK2. (B) shLacZ (black bars) and sh3BP2 (white 
bars) cells were transfected with AP-1 or NFAT luciferase reporter constructs. 8 hours after 
transfection, cells were stimulated or not with sRANKL (100 ng/ml). Normalized luciferase activity 
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was determined 24 hours after stimulation and expressed as the fold increase relative to basal activities 
measured in control vector-transfected cells. Results are the mean ± SD of triplicate determinations. 
*** p < 0.001 versus shLacZ. (C) Cells were stimulated with sRANKL for the indicated times. The 
expression of c-Fos, Src, NFATcl, NFATc2, and NFATc3 mRNA was determined by real-time 
quantitative PCR. Data are expressed as the mean ± S.D of triplicate determinations and are 
representative of three independent experiments. (D) Lysates from cells stimulated as indicated above 
were subjected to immunoblot analysis with antibodies against NFATcl, Src, and 3BP2. Protein 
loading was controlled by reprobing the membrane with anti-ERK2. 



Fig. 5, Ectopic expression of active Src Y527 protein partially rescues RANKL-induced 
osteoclast formation in the absence of 3BP2 in RAW264.7 cells. (A) 3BP2 interacts with c-Src, 

8 

Syk, Vavl, and Cbl in resting RAW264.7 cells. Cells were lysed at 1x10 cells/ml in ice-cold lysis 
buffer (1% Triton in 150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 0.1% SDS, 0.1% sodium 
deoxycholate, 10 |ag/ml aprotinin, 10 jag/ml leupeptin, 1 mM PMSF) for 30 min on ice. Cleared 

n 

lysates from 1x10 cells were incubated with nonrelevant goat antibodies (NR) or sheep anti-3BP2 
antibodies for 3h at 4°C followed by incubation with protein G-Sepharose beads for 1 h. After three 
washes, immunoprecipitates were immunob lotted using antibodies against 3BP2, c-Src, Syk, Vavl, 
and Cbl. WCL: whole cell lysate. (B) shLacZ and sh3BP2 cells were transfected with pLNCX 
srcY527F retroviral construct or control vector, together with EGFP expression vector. After 48 hours, 
the GFP-positive cells were purified on a FACSAria cell sorter, and subjected to immunoblotting 
analysis using antibodies against 3BP2, phospho-Src, phospho-Syk, and phospho-ERKl/2. Protein 
loading was controlled with anti-ERK2 immunoblot. Cells purified as indicated above were cultured 
for 4 days with sRANKL (40 ng/ml), and stained for TRAP activity. Morphology (C) and 
multinucleated TRAP-positive cells (D) were assessed and scored by microscopy. Scale bars = 50 [lM. 
TRAP+ multinucleated cell number and nuclei per osteoclast were counted. Data are expressed as the 
mean ± SD of 3 equivalent wells and are representative of 3 independent experiments. *** p < 0.001 
versus shLacZ. 

Fig. 6. Complementation of osteoclast formation by ectopic expression of constitutively active 
NFATcl in 3BP2 knockdown cells. shLacZ and sh3BP2 cells were transfected with control vector or 
pRV-HA-caNFAT2-IRES-GFP vector encoding HA-tagged constitutively active caNFATcl 
(caNFAT). After 48 hours, the GFP-positive cells were purified on a FACSAria cell sorter. (A) 
Purified cells were subjected to immunoblotting analysis using antibodies against HA tag. Protein 
loading was controlled with anti-ERK2 immunoblot. Cells purified as indicated above were then 
cultured for 4 days in the presence of sRANKL (40 ng/ml), and stained for TRAP activity. 
Morphology (B) and multinucleated TRAP-positive cells (C) were scored by microscopy. Cells with 
more than three nuclei were counted multinucleated cells and nuclei per osteoclast were counted. Data 
are expressed as the mean ± SD of 3 independent determinations. ** p < 0.01 versus shLacZ; *** p 
< 0.001 versus shLacZ. 

Fig. 7. Effects of the expression of a 3BP2 cherubism mutant on Src activation and osteoclast 
differentiation in RAW264.7 cells. RAW264.7 cells were transfected with control vector, LZRS-V5- 
3BP2-IRES-GFP, or LZRS-V5-3BP2 R415P. (A) GFP-positive cells were purified on a FACSAria 
cell sorter. (B) Sorted cells were stimulated for 5 days with sRANKL (40 ng/ml), and stained for 
TRAP activity. Morphology and multinucleated TRAP-positive cells were scored by microscopy as 
described above. Scale bars = 50 uM. Data are expressed as the mean ± SD of 3 independent 
determinations. ** p < 0.01 versus shLacZ; *** p < 0.001 versus shLacZ. (C) Purified cells were 
subjected to immunoblotting analysis using antibodies against V5 tag, 3BP2, phospho-Src Y416. 
Protein loading was controlled with anti-Src and ERK2. 
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